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During the Pleistocene period Antarctica underwent cyclic variations in ice volume known as glacial 
and interglacial stages. Bottom water production is intricately linked to changes in ice volume, 
climate, and particularly wind. However, high resolution reconstructions of bottom water generation 
or export from Antarctica are lacking. This project aims to build the first high resolution record of 
changes in bottom water production and identify the relationship with changing ice volume for the 
Pleistocene period (between ~0.7 Ma and 2 Ma) from a sedimentary succession; ODP Site 1101.  
Site 1101 from Leg 178 of the International Ocean Discovery Program is located on the western side 
of the Antarctic Peninsula, a 218 m core drilled into a sediment drift at the base of the continental 
shelf. Due to its lower latitude, this area of Antarctica is particularly sensitive to changes in climate. 
Fast flowing glaciers along the peninsula terminate in the ocean providing a plentiful supply of 
sediment to the site. This provides perfect conditions for a high-resolution multifaceted study to be 
conducted on changing currents, iceberg rafted debris episodes and ocean productivity. Eighty-five 
m of sediment (48 – 133 mbsf) spanning between ~0.7 Ma and 2 Ma were measured at centimetre 
intervals using an Avaatech XRF core scanner for a range of elements which were used to determine 
the terrigenous vs carbonate content within the sediment. These clearly identify glacial and 
interglacial cycles which are correlated to the Marine Isotope Stages (MIS) identified in the LR04 δ18O 
stack. A further 430 discrete cubes were collected at ~10 cm intervals to determine the magnetic 
fabric (a proxy for ancient current strength) and also for paleomagnetic studies to construct a 
magnetostratigraphy and paleomagnetic age model. 
Three facies are identified in the ODP Site 1101 succession; 1) laminated facies; finely laminated silty 
clay representing glacials 2) massive foraminifera bearing facies; massive greenish grey silty clay with 
white foraminifera representing warm interglacials and 3) massive facies; massive brown silty clay 
representing transitions between glacials and interglacials.  
During interglacials Ca is high indicating high ocean productivity. Magnetic susceptibility and Ti are 
low indicating less terrigenous input from ice rafted debris (IRD) and magnetic fabric is weak which is 
interpreted as weakened or non-existent bottom current. During glacial periods Ca is supressed and 
MS and Ti are elevated indicating high terrigenous sediment input with little to no ocean 
productivity. Magnetic fabrics are well developed which indicates deep circulation was strong. 
A comparison of glacial-interglacial cycles from ODP Site 1101 with the benthic LR04 δ18O stack 
indicates that not all Marine Isotope Stages are present as carbonate rich intervals at Site 1101. 
Absent interglacials are MIS 33, MIS 39, MIS 41 and MIS 59. The missing or cooler interglacials 
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coincide with eccentricity nodes and low amplitude of insolation. It is possible that this orbital 
setting which produced successive long winters and mild summers enhanced sea-ice production and 
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1.1 Thesis context 
Earth’s climate is ultimately controlled by the Earth’s heat budget which is largely controlled by the 
circulation of cold, deep Antarctic Bottom Water (AABW) (Carter et al., 1999). In recent decades this 
water mass has “warmed, freshened and declined in volume” (Gordon, 2019) which could have 
profound consequences for Earth. Oceanographic instrumental records span only a few decades 
therefore it is not possible to tell if changes in circulation are unusual in the long term or if they are 
part of a natural cycle.  
A window into past production and strength of bottom waters can be provided by examining 
sedimentary records from the Antarctic margin. High resolution paleoceanographic records can offer 
insights into the variability of bottom water current strength and its relationship with ice volume.  
Magnetic fabric data can provide a record of the changes in bottom water current strength through 
time. Understanding how these currents changed in the Pleistocene can help put today’s bottom 
water changes into context. Current meter deployments on a sediment drift near the Antarctic 
Peninsula found changes in these bottom waters are synchronous with the Antarctic Circumpolar 
Current (ACC) (Camerlenghi et al., 1997), the largest ocean current in the world which connects all of 
the oceans (Carter et al., 2008). Magnetic fabric paleocurrent analyses on Antarctic bottom water 
sediments to date are low resolution. This thesis aims to provide a high resolution paleocurrent 
reconstruction of bottom water current strength changes during the Pleistocene, a time when Earth 
cycled between glacial and interglacial stages, such that we can add to existing research and help 
explain the changes we observe today. 
Further, paleoclimate reconstructions have dated global glacial to interglacial cycles identified by 
changes in oxygen isotopes known as the LR04 δ18O benthic stack. This has been an excellent tool for 
correlating different proxies from around the world in the context of glacial-interglacial cycles. 
Recent research has questioned whether this record is applicable in Antarctica, whether all warming 
and cooling events in this global stack actually took place in Antarctica or perhaps the Southern 
Hemisphere and Northern Hemisphere have independent glacial histories. This thesis uses high 
resolution X-ray fluorescence (XRF) data along with magnetic fabric analyses to test whether 
Antarctica is indeed represented in full in the LR04 δ18O benthic stack. 
1.2 Study location 
A core was retrieved by ODP Expedition 178 from a sediment drift (Drift 4, Site 1101) on the 
continental rise of the Pacific margin of the Antarctic Peninsula at water depth 3280 m, Figure 3-1. 
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These sediment drifts are excellent locations to study paleoceanographic changes as their high 
sedimentation rates and excellent continuity of sedimentation (no significant hiatus) allow for high 
resolution records to be produced. The high latitude of this site is also in close proximity to the 
Antarctic Polar Front which shifts latitudinally causing pronounced changes of the local climate that 
are ultimately recorded in the sediments, making this an excellent site to study glacial-interglacial 
cycles.  
1.3 Thesis aims 
The aim of this thesis is to reconstruct the changes in bottom water velocity through time and apply 
this to ocean circulation changes and oceanographic changes spanning multiple glacial-interglacial 
cycles. This will build a better understanding of how bottom water varies in relation to changing 
ocean temperature and ice volume, as well as determining the response of the Antarctic Ice Sheet to 
changes in climate in comparison to global ice records. 
1.4 Research Objectives 
1) To build high resolution records of deep water current strength for the Pleistocene with 
which to resolve millennial scale changes.  
2) To determine the relationship between Antarctic bottom water production and Antarctic ice 
volume. 
3) To test whether the LR04 δ18O benthic stack is an accurate representation of Antarctic 
glaciation records. 
1.5 Thesis Outline 
This thesis consists of seven chapters. Chapter 1 is a brief overview of the purpose of this thesis 
comprising the context, location, aims and research objectives. Chapter 2 is a comprehensive 
background addressing the main aspects of this study. Emphasis is placed on the depositional 
processes of Antarctic sediment drifts and glacial history of Antarctica. Chapter 3 outlines the 
regional setting with a focus on the Southern Ocean and also provides a detailed review of the 
paleographic techniques used for this study. Chapter 4 details the methodology carried out which 
ultimately provides six sets of data which are described in the results section in Chapter 5. Chapter 6 
discusses in depth each data set and how these can be applied to paleoceanography, changes in ice 
sheet behaviour as well as providing a detailed comparison of glacial-interglacial cycles in Antarctica 





The primary objective of this study is to determine the relative strength of bottom water currents 
during part of the Pleistocene, a time when glacial-interglacial cycles were frequent, using 
sedimentary cores from Drift 4 (ODP Site 1101) near the Antarctic Peninsula. This study will use a 
combination of techniques spanning from paleomagnetic to XRF based elemental studies to 
reconstruct oceanographic changes. This chapter outlines the depositional setting for ODP Site 1101 
and provides a detailed background providing context for this study. 
2.1 Oceanography 
2.1.1 Thermohaline Circulation 
Thermohaline circulation contributes to the driving mechanism of the world’s ocean circulation, 
which is driven by changes in density and controlled by temperature and salinity. This can be 
thought of as a global ocean conveyor that transports heat globally. It is mainly convection driven by 
the sinking of cold dense water in high latitudes which in turn drives the upwelling of deep waters 
and near surface currents (Rahmstorf, 2015), Figure 2-1. 
 
Figure 2-1. Thermohaline circulation. Unmodified by Rahmstorf (2015).  
The strength of this system is important in climate models as ocean circulation is thought to be a key 
driver in climate change. Models have shown that if the thermohaline circulation were to cease, the 
Northern Hemisphere warms at the expense of the Southern Hemisphere due to cross-equatorial 
heat transport being reduced (Rahmstorf, 2015). 
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2.1.2 Southern Ocean Oceanography 
The role of the Southern Ocean is significant as it ventilates the global oceans and regulates the 
climate system (Turner et al., 2009), playing a key role in the thermohaline system. The Southern 
Ocean, Figure 2-2, is made up of two main water masses, the ACC (which comprises multiple water 
masses) and AABW, both of which are sensitive to changes in wind strength and position; the ACC is 
driven by westerly winds (Carter et al., 2008) and the formation of AABW is largely driven by the 
cold katabatic wind blowing off the ice cap (Bromwich and Kurtz, 1984). 
 
Figure 2-2. The Southern Ocean showing the ACC and Western Boundary Current exit points. Unmodified from Carter et al 
(2008). Note that deep and shallow contour currents are not shown. 
Upwelling North Atlantic Deep Water south of the polar front brings nutrients and dissolved CO2 to 
the surface making it the world’s most biologically productive ocean (Turner et al., 2009). This CO2 is 
mostly part of the dissolved inorganic carbon (TDIC) pool of the water mass and is released to the 
atmosphere however sinking waters north of the Polar Front counteract this by removing CO2 from 
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the atmosphere. Hence the Southern Ocean acts as both a source and a sink for CO2 and plays a 
major role in the global carbon cycle (Turner et al., 2009; Keppler and Landschützer, 2019). 
2.1.2.1  Antarctic Circumpolar Current (ACC) 
The Southern Ocean is dominated by the ACC (Figure 2-3), the longest (24,000 km) and largest (137 – 
147.106 m3 s-1) ocean current in the world (Carter et al., 2008). This current is mostly driven by the 
westerly winds of the Southern Ocean. These westerly winds also induce an Ekman drift to the north 
which likely plays a role in the subduction and transport of intermediate waters (Carter et al., 2008; 
Downes et al., 2011). The ACC is the only current to connect the major oceans (Atlantic, Pacific and 
Indian) hence is important for the distribution of heat, salt and gases (Carter et al., 2008; Turner et 
al., 2009). It flows clockwise, unrestricted from west to east around Antarctica, extending from 
ocean surface to sea floor, interacting with the topography and other currents, generating eddies 
and mixing that play important roles of heat transfer and momentum (Figure 2-3) (Carter et al., 
2008). The ACC isolates the cold high latitudes of Antarctica from the warm mid to low latitude 
surface waters. Comprising of a number of fronts, the ACC is a system of deep-reaching zonal jets 
and most transport takes place within these fronts (Sokolov and Rintoul, 2009; Kim and Orsi, 2014). 
 
Figure 2-3. Water masses that make up the ACC and associated fronts. AABW = Antarctic Bottom Water, ASF = Antarctic 
Slope Front, SB = Southern Boundary, SF = Southern Front, PF = Polar Front, SAF = Subantarctic Front, STF = Subtropical 
Front, LCDW = Lower Circumpolar Deep Water, NADW = North Atlantic Deep Water, UCDW = Upper Circumpolar Deep 
Water, AAIW = Antarctic Intermediate Water, SAMW = Subantarctic Mode Water. Unmodified from Carter et al (2008). 
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Since the 1960’s the ACC has been warming more rapidly than the global ocean which has been 
attributed to a southward shift of the westerly winds causing a southward shift of the ACC (Turner et 
al., 2009). 
2.1.2.2 Antarctic Bottom Water 
AABW is the densest, coldest and largest (by volume), water mass of the world’s oceans, cooling the 
lowest kilometre of most of the global deep ocean (Purkey et al., 2018). It forms along the Antarctic 
coast at several distinct locations; Weddell Sea, Ross Sea, Adelie Coast and Prydz Bay (Figure 2-4), 
and flows through western boundary currents (Orsi et al., 1999), feeding into the bottom limb of the 
meridional overturning circulation (Purkey et al., 2018) and driving the southern end of the 
thermohaline circulation.  The export of bottom waters ventilates the world ocean (Orsi et al., 1999, 
2001) and in recent decades has freshened and warmed (Coles et al., 1996; Meredith et al., 2011; 
Jullion et al., 2013; Meredith et al., 2014; Menezes et al., 2017). 
 
Figure 2-4. The four regions of AABW formation - the Weddell Sea, the Ross Sea, the Adelie Coast, and Prydz Bay. Modified 
from Purkey et al (2018). 
AABW is produced when “cold shelf water forms through brine rejection in coastal polynyas during 
ice formation and export”, Figure 2-5, (Purkey et al., 2018. p506). A polynya is an area of open ocean 
surrounded by sea-ice. When cold dry air spreads seaward over a coastal polynya, huge quantities of 
sea-ice are formed and they are hence known as ‘sea-ice factories’. The sea-ice is blown offshore by 
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katabatic winds (Bromwich and Kurtz, 1984), maintaining the coastal polynya and enabling more 
sea-ice to form. Sea-ice production removes heat and fresh water from the ocean which increases 
the salinity and density of the water column, thus enabling the formation of AABW (Purkey et al., 
2018).  
 
Figure 2-5. Antarctic Bottom Water formation. Unmodified from Purkey et al, (2018). 
The Weddell and Ross Seas are the primary export sites of dense shelf water, and large wind forced 
polynyas appear in roughly the same location every winter (Purkey et al., 2018). Some AABW 
production sites also form ice shelf water (ISW) (Orsi et al., 1999; Purkey et al., 2018) where contact 
of shelf water with the base of extensive floating glacial ice shelves result in water well below the 
freezing point of sea water, as cold as -2.3°C (Purkey et al., 2018). Each production site has a unique 
temperature and salinity signature, which allows it to be traced to its source. For example the Ross 
Sea is the warmest and saltiest, the southwestern Weddell Sea the coldest and freshest, and the 
Adelie Coast intermediate (Orsi et al., 1999). 
Polynya can also come and go. An example of a polynya that remained open for three austral 
winters was documented during the mid-1970’s in the Weddell Sea (Purkey et al., 2018). Model 
simulations suggest it may have been a response to increased westerly winds and that the ocean 
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convection and cooling of the deep water affected the waters of the Weddell Sea continental margin 
(Purkey et al., 2018). 
Orsi et al (1999) points out that not all bottom water filling the ocean basins north of the Southern 
Ocean is derived directly from the Antarctic margins. He writes that the main source of the 
equatorward transport through the Western Boundary Currents is actually from Circumpolar Deep 
Water and a smaller component is the denser, deep water from south of the ACC (Orsi et al., 1999). 
Orsi et al (1999) used hydrographic data to characterise and describe the general circulation of the 
AABW. The study found the Drake Passage sill blocks the eastward flow of relatively dense bottom 
waters therefore distinguishing two components of bottom water with southern origin; CDW and 
AABW. They define AABW as all volumes of water formed south of the ACC with a specific density 
range and that are not seen at the Drake Passage sill. 
Menezes et al. (2017) studied repeat hydrographic transect data from the Southern Ocean and 
detected marked freshening of AABW in the Australian-Antarctic Basin. They attributed this 
freshening to an iceberg calving event from George V/Adélie Land Coast where the Australian-
Antarctic Basin bottom waters are formed. 
Measurements from recent decades have shown a significant freshening of AABW exported from 
the Weddell Sea which could be due to atmospheric-forced changes to ice shelves and sea-ice on the 
Antarctic Peninsula (Jullion et al., 2013). 
2.1.2.3 Polar Fronts 
The surface ocean currents around Antarctica are zonal in nature (parallel to latitude) (Turner et al., 
2009) and the boundaries between these currents are known as fronts. The ACC fronts have been 
traced around Antarctica (Figure 2-6) using remote sensing of sea surface height (Kim and Orsi, 
2014). Each front is identified by specific temperature and salinity limits (Orsi et al., 1995; Carter et 
al., 2008; Sokolov and Rintoul, 2009; Villa et al., 2012; Kim and Orsi, 2014) which also agree with sea 
surface heights (Figure 2-7), (Sokolov and Rintoul, 2009; Kim and Orsi, 2014). The three primary 
Southern Ocean fronts are the Sub-Antarctic Front (SAF), the Antarctic Polar Front (APF) and the 
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Southern ACC Front (SACCF). The Southern Boundary (SB) of the ACC is the southern limit of the 
circumpolar flow (Sokolov and Rintoul, 2009).  
Figure 2-6. Antarctic polar fronts. Tan= Subtropical Front, red = Subantarctic Front, blue = Polar Front, green = Southern 




Figure 2-7. Example of sea surface height, temperature and salinity distributions of the Sub-Antarctic Front (SAF), Polar 
Front (PF) and Southern ACC Front (SACCF) along WOCE P16S. Unmodified from Sokolov and Rintoul, (2009). 
Changes in the westerly wind system creates variability of the ACC fronts and in the last two decades 
the westerly winds have intensified and contracted toward Antarctica (Kim and Orsi, 2014). The 
consequences of a southwards shift of these westerlies in the Southern Ocean are upwelling, venting 
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of CO2 from the deep ocean and warming in both West Antarctica and East Antarctica (Fudge et al., 
2013). 
2.2 Glacial History of Antarctica 
2.2.1 Antarctic Ice Sheet 
The Antarctic Ice Sheet (AIS) covers an area of 13.6 million km2, averages over 2 km in thickness, and 
holds a volume of fresh water equivalent to ~66 m of sea level change (Barker, Barrett, et al., 1999). 
It is composed of the land based East Antarctic Ice Sheet (EAIS), the marine based West Antarctic Ice 
Sheet (WAIS) (Villa et al., 2012) and the Antarctic Peninsula Ice Sheet (APIS) (Turner et al., 2009). The 
AIS is an important part of the global climate system affecting atmospheric circulation, sea-ice 
production, and ocean circulation (Barker, Barrett, et al., 1999). Sea-level changes reflect global 
climate evolution and through this the global ice volume can be traced (Miller et al., 2005; Pollard et 
al., 2015; Levy et al., 2019). 
2.2.2 Cenozoic Cooling and Antarctic Ice Sheet Initiation 
Ephemeral Antarctic ice sheets are thought to have existed from as early as 100 Ma until 33 Ma, 
large Antarctica ice sheets from 33 Ma to present, as well as fluctuating Northern Hemisphere ice 
sheets from 2.5 Ma to present (Miller et al., 2005; Zachos et al., 2008). Earth’s climate has followed a 
general cooling trend throughout the Cenozoic, starting at the Early Eocene Climatic Optimum ~51 – 
53 Ma, Figure 2-8. The Antarctic ice sheet initiated into a full scale permanent ice sheet at the 
Eocene/Oligocene boundary ~34 Ma (Coxall et al., 2005; Zachos et al., 2008; Mckay et al., 2016) 
when Earth transformed from a “greenhouse” (warm with little to no ice at poles) to an “ice house” 
(cool with glaciated poles) world. Understanding the variations of the Antarctic ice volumes during 
the Neogene and what caused variations of ice sheet stability may help us understand the fate of 





Figure 2-8. An illustration of the timing of initiation of Antarctic and Northern Hemisphere ice sheets during the Cenozoic. 
Modified from Zachos et al. (2008). 
2.2.3 Pliocene Cooling and Plio-Pleistocene Antarctic Ice Sheet  
During the Pliocene, global cooling lead to ice sheet expansion and the development of sea-ice in 
Antarctica between 3.3 and 2.6 Ma (McKay et al., 2012). This cooling led to the initiation of Northern 
Hemisphere glaciation and has been linked with changes in the Southern Ocean circulation which 
affected heat transport (McKay et al., 2012). The late Pliocene and Pleistocene climate has been 
seesawing between glacial intervals where ice was present on the NH continents, and interglacial 
intervals when the NH ice sheets were little or altogether lacking (Berger et al., 2016). This cyclic 
behaviour has been recorded in benthic δ18O records which depict global ice volume changes and 
temperature (Raymo et al., 2006).  Smaller variations to ice volume are referred to as stadials for 
cold periods and interstadials for small recessions (Berger et al., 2016). 
A continental Antarctic ice-sheet model by Pollard and DeConto (2009) for the past 5 Myr shows that 
during open-water marine conditions deglaciation occurs in the western Ross embayment as well as 
complete collapse of the WAIS (Naish et al., 2009). Cycles of advance and retreat of the WAIS 
dominate the Plio-Pleistocene with transitions from a fully glaciated WAIS to a collapsed WAIS 
occuring relatively rapidly (Pollard and DeConto, 2009). During the same interval the higher altitude 
portions of the EAIS remain rather stable (Naish et al., 2009). These variations in ice volumes are 




Figure 2-9. Ice volume variations from Pollard and DeConto (2009) model at different times. Unmodified from Pollard and 
DeConto (2009). 
2.2.4 Antarctic Peninsula Glacial History 
The Antarctic Peninsula is very sensitive to climatic changes compared to the rest of Antarctica due 
to its lower latitude. It is mostly covered by an ice sheet, the Antarctic Peninsula Ice Sheet (APIS), 
which includes small ice shelves as well as short glaciers. These glaciers advanced to the edge of the 
continental shelf over the last 3.1 Ma during glacial maxima (Nitsche et al., 2000; Larter and 
Cunningham, 1993; Hepp et al., 2006; Cowan et al., 2008). During interglacials the glaciers were thin, 
but the Antarctic Peninsula did not fully deglaciate during the early Pleistocene interglacials (Hepp et 
al., 2006). 
Cowan et al. (2008) analysed ice rafted debris (IRD) from sediment drifts on the western side of the 
Antarctic Peninsula to identify changes in the stability of regional glaciers over the last 3.1 Ma. From 
3.1 – 2.2 Ma ocean temperatures were relatively warmer, with high paleoproductivity in both 
glacials and interglacials (Cowan et al., 2008; Hepp et al., 2006). Glaciers expanded and a high IRD 
flux was found to change sometime between 2.2 – 1.35 Ma which lasted until 0.76 Ma (Hepp et al., 
2006). During this 1.35 - 0.76 Ma time period the Antarctic Peninsula glacial conditions decoupled 
from oceanographic conditions due to the inundation of glaciers on the Antarctic Peninsula. At the 
same time sea surface temperatures (SSTs) remained relatively warm due to the proximity of the 
APF. Minimum sea-ice and maximum ice rafting occurred at ~0.88 Ma (Cowan et al., 2008). Glacial 
conditions at the peninsula since 0.76 Ma have resembled the Last Glacial Maximum suggesting 
extensive sea-ice cover and cooler conditions (Cowan et al., 2008). 
Cofaigh et al. (2001) also studied IRD from proximal sediment cores along the Antarctic Peninsula 
and found no evidence for catastrophic collapse of the Antarctic Peninsula Ice Sheet during the 
Quaternary Heinrich events. 
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2.2.5 Oxygen Isotope Records 
Marine benthic isotopic stratigraphy is based on the idea that the isotopic composition of the ocean 
reflects the volume of ice stored on the continents as well as ocean temperatures, pH and salinity  
(Emiliana, 1966; Shackleton and Kennett, 1976; Lisiecki and Raymo, 2005; Berger et al., 2016). 
Benthic foraminifera record the stable oxygen isotopic composition of the water mass and are 
influenced by temperature and vital effects. When foraminifera die and fall to the ocean floor, they 
become incorporated into the sediment, creating a record of the changes in oceanic composition for 
millions of years. Figure 2-10 outlines the hydrological process involved as fractionation of 18O and 




Figure 2-10. Oxygen isotopes in the hydrological cycle. The lighter oxygen isotope 16O is preferentially evaporated from the 
warm oceans nearer the equator. The heavier oxygen isotope 18O is preferentially precipitated out. By the time clouds reach 
the poles the snow composition will be elevated in 16O compared to 18O illustrating how changing ice volume is reflected in 
the benthic foraminifera record.  
Benthic foraminifera are often interpreted to represent the isotopic composition of the entire ocean 
as opposed to planktic foraminifera which are more sensitive to local temperature and salinity 
variations (Halverson, 2013).  Deep water sediments provide a natural archive due to being relatively 
continuous compared with continental deposits, so the ability to apply the oxygen isotope method 
(OI) enabled scientists to quantify global paleoclimatic changes such as ice volume, temperature and 
sea level (Bol, 2017). The δ18O of benthic foraminifera has been used in a variety of studies including 
orbital control on global ice volumes (Emiliana, 1966; Lisiecki and Raymo, 2005; Naish et al., 2009; 
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Justino et al., 2017), timing of ice sheet initiation (Shackleton and Kennett, 1976; Coxall et al., 2005; 
Zachos et al., 2008), modelling ice sheets (Pollard and DeConto, 2009; DeConto et al., 2012), 
measuring eustatic sea level change (Miller et al., 2012) and constructing paleotemperatures 
(Shackleton and Kennett, 1976). 
The benthic δ18O global stack by Lisiecki and Raymo (2005) (Figure 2-11) can be used to infer glacial 
and interglacial stages to 5.2 Ma. Even numbers represent glacial stages which are characterised by 
higher δ18O values whereas interglacial stages are labelled with odd numbers and are characterised 
by lower δ18O values. It is important to note that due to this being a global stack, as well as the 
mixing of oceans taking up to several thousands of years, the timing of these events will not always 
be synchronous with other proxies or local transitions (Berger et al., 2016). For these reasons this 
data set alone cannot be used to identify ice volume variations between the Arctic and Antarctic. 
 
Figure 2-11. The LR04 benthic δ18O stack. Numbers are Marine Isotope Stages, prefixes are paleomagnetic chrons. Odd 
numbers are interglacials. This figure is unmodified from Lisiecki and Raymo (2005). 
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2.3 External Drivers of Climate Change: Orbital Drivers 
2.3.1 Milanković Cycles 
Northern Hemisphere ice sheet variations have long been attributed to changes in Earth’s orbit 
which in turn affect the insolation at a given location. In the early 1900’s, Milutin Milanković 
proposed Northern Hemisphere ice sheets were astronomically controlled by changes in insolation 
at 65°N (Milankovitch, 1941). In particular, he postulated the driver to Northern Hemisphere ice 
sheets was a product of cool summers which allowed ice to persist through the summer, 
subsequently building up, creating a positive feedback. 
The three main orbital cycles (Milanković cycles) found to be drivers of Earth’s climate via insolation 
variations are eccentricity, obliquity and precession. Examples of these 3 cycles with respect to the 
sun are displayed in Figure 2-12 and as they vary through time in Figure 2-13. Eccentricity changes 
total insolation received by Earth whereas obliquity and precession alter the geographic distribution 
of the insolation. 
Eccentricity is the shape of Earth’s orbit which cycles between nearly circular (low eccentricity) to 
mildly elliptical (high eccentricity). It tends to have a ~100 kyr cycle and a ~405 kyr cycle. During an 
elliptical orbit, the insolation at perihelion (closest to the sun) can be up to 30% greater than at 
aphelion (furthest from the sun). As per Kepler’s second law of planetary motion, the duration of the 
summer is inversely proportional to the distance to the sun (Huybers, 2006). This is because during 
an elliptical orbit the Earth travels faster when it is positioned closer to the sun and slower as it 
moves further away. Hence during an elliptical orbit, the time spent travelling the half of the orbit 
furthest from the sun takes longer than the half closest to the sun resulting in decreased annual 
insolation. This causes an anticorrelation between summer duration and intensity, as when the Earth 
is closest to the sun, the summer is shortest (Huybers, 2006). 
Obliquity refers to Earths’ axial tilt with respect to the orbital plane and varies between 22.1° and 
24.5° on a ~41 kyr timescale. The change in tilt is the main controller of seasonal insolation whereby 
an increased tilt results in more summer insolation at the poles resulting in more pronounced 
seasons with warmer summers and cooler winters. A decreased tilt results in a more even 
distribution of insolation across the latitudes with cooler polar summers and milder winters. 
Precession relates to the ‘wobble’ of the Earth as it spins on its axis, affecting the direction of the 
Earth relative to the sun, and controls the timing of perihelion and aphelion on a ~19 - 24 kyr cycle. 
Precession controls the seasonal contrast between the hemispheres whereby an increase in summer 
insolation in one hemisphere will coincide with a decrease in insolation in the other hemisphere. 
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This effect is amplified with distance to the sun and therefore the precession driven insolation 
maxima are modulated by eccentricity (Meyers and Hinnov, 2010). 
 
Figure 2-12. Eccentricity, obliquity and precession. The position of Earth as shown on the Eccentricity image indicates a 
warm summer configuration for the Northern Hemisphere. The Earth is positioned close to the sun on the orbit and the 
Northern Hemisphere is tilted towards the sun. Unmodified from (Passchier, 2018). 
 
 
Figure 2-13. Example of orbital cycles for the past 1.6 Ma according to the La2004 nominal solution. This figure is 
unmodified from (Hinnov and Ogg, 2007). 
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Milanković cycles are found embedded in paleoclimate records all over Earth, however which orbital 
cycle the climate responds to varies over time, and with geographic location. 
2.3.2 Orbital Cycles and Glaciations 
Glacial-interglacial cycles are thought to be controlled by long term variations in Northern 
Hemisphere insolation (Huybers, 2006). These changes in insolation are driven by Earth’s orbital 
cycles, however whether or not these orbital cycles will initiate a deglaciation is unknown. The 
interglacials over the last 2.6 Myrs, as identified by the LR04 stack (Lisiecki and Raymo, 2005), 
occurred during high latitude summer insolation maxima, however this is not a strict rule as the 
same orbital conditions did not always lead to interglacials and some interglacials are associated 
with only moderate insolation maxima (Tzedakis et al., 2017). It has also been suggested that 
Antarctic climate may be controlled by local summer duration which often covaries with Northern 
Hemisphere summer intensity (Huybers and Denton, 2008). 
2.3.3 Plio-Pleistocene Orbital Cycles 
During the Plio-Pleistocene the Earth see-sawed between glacial and interglacial stages. These 
glacial-interglacial stages, visible in the LR04 δ18O benthic stack have been linked with orbital cycles 
however the cycles have been progressing from more stochastic during the early Pliocene to strongly 
deterministic during the late Pleistocene (Meyers and Hinnov, 2010). The strong deterministic 
periods during the warm Pliocene and Early Pleistocene were dominated by a strong, 41 kyr, 
obliquity paced cycle according to the δ18O records. The pacing of these glacial-interglacial cycles 
then changed to a ~100 kyr periodicity, at ~0.9 Ma, which is more in line with eccentricity (e.g. Hays 
et al., 1976; Mudelsee and Schulz, 1997). This change in periodicity, known as the Mid-Pleistocene 
Transition (MPT) cannot be explained by orbital forcing and its cause is not well understood. A 
cooling of the ocean (Patterson et al., 2014), declining CO2 and regolith removal (Willeit et al., 2019), 
greater ice volumes (Kemp et al., 2010) and carbon cycle dynamics are all suggestions. Meyers and 
Hinnov (2010) labelled the MPT a stochastic event which created an abrupt reorganisation of the 
climate related to the growth of exceptionally large Northern Hemisphere ice sheets. 
2.3.4 Antarctic Glacial Cyclicity 
Recent studies have found that the pacing of Antarctica glaciations is not consistent with the LR04 
δ18O stack at times, suggesting LR04 may be more representative of Northern Hemisphere 
glaciations rather than being a global record. 
For example, Patterson et al. (2014) suggested that between 3.5 Ma and 2.5 Ma, a time when global 
ice volume and sea level were obliquity paced (41 kyr cycles), increasing Antarctic perennial sea-ice 
reached a threshold where major EAIS retreat was controlled by precession and in particular austral 
summer insolation maxima. Similarly, Fudge et al. (2013) found evidence from a West Antarctic ice 
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core that the most recent southern hemisphere warming was controlled by increasing local 
insolation.  Patterson et al. (2014) also proposed anti-phase oscillations in both hemispheres may 
cancel out global patterns such as the LR04 stack. Most recently, Levy et al. (2019) found the 
influence of obliquity forcing on the AIS is greater when the ice sheet extends into marine 
environments. 
The role of orbital forcing on the Antarctic ice sheets during the early Pliocene (~5 – 3 Myr ago) may 
be more straight forward compared to the Pleistocene because the Northern Hemisphere ice sheets 
were probably much smaller (Mudelsee and Raymo, 2005). 
2.4 Depositional Processes 
2.4.1 Overview 
Sediment drifts found on the continental margin of Antarctica are formed by contourites (sediments 
deposited by along-slope bottom currents) (Rebesco et al., 2014). These sediment drifts are 
generally asymmetric (Uenzelmann-Neben, 2006) and can be several hundred metres thick. 
Sediment drifts make excellent sites for paleoceanographic reconstructions as they form in high 
sediment depositional environments and produce hundreds of meters of relatively continuous core, 
which in turn present a continuous history of sedimentation (Rebesco et al., 2014). Numerous 
studies have used data derived from sediment drifts to analyse proxies such as current strength 
(Hassold et al., 2009b, 2009a), grainsize (Pudsey, 2001), glacial/interglacial cyclicity (Joseph et al., 
2002; Hepp et al., 2006; Cowan et al., 2008), ice rafted debris (IRD) (Vautravers et al., 2013; Cowan 
et al., 2008) to name a few. In addition, prior work at Site 1101 has resulted in the construction of 
reliable paleomagnetic age models (Acton et al., 2002; Vautravers et al., 2013) which are used in this 
study. 
2.4.2 Formation of West Antarctic Peninsula Drifts 
Drift formation consists of three major stages which can be seen in seismic profiles. Rebesco et al. 
(1996) first described these stages using multichannel seismic reflection profiles on the drifts on the 
continental rise west of the Antarctic Peninsula. Figure 2-14 shows the seismic profile of Site 1096, 
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Drift 7, which is ~500 km southwest of Site 1101 on Drift 4 (see Figure 3-1 for location map).
 
Figure 2-14. Site 1096 drift stages. Modified from Uenzelmann-Neben (2006). 
First, a pre-drift stage ~35 – 15 Ma is characterised by turbidite sequences which become more 
pelagic/hemipelagic with distance from the margin (Uenzelmann-Neben, 2006). In Figure 2-14 this 
pre-drift stage is represented by units M6 and M5. Second, a drift-growth stage ~15 – 5 Ma, 
represents drift development with evidence of bottom currents (Uenzelmann-Neben, 2006). This 
drift growth stage is represented by units M4 and M3. Large input of glacial sediment is supplied 
from the margin and a combination of down-slope and along-slope processes (Uenzelmann-Neben, 
2006) deposit and shape the drift. The third stage is the drift maintenance stage ~5 Ma until present 
where the drifts are preserved and their elevation enhanced (Uenzelmann-Neben, 2006). The drift 
maintenance stage is represented by units M2 and M1. The section of core from Site 1101 used in 
this study (~2 – 0.6 Ma) has been deposited during the drift maintenance stage. 
Figure 2-15 outlines the processes active during the drift maintenance stage of a typical sediment 
drift on the continental rise, such as Site 1101. Terrigenous sediment from the Antarctic Peninsula is 
transported to the continental shelf during ice grounding events (Hassold et al., 2009b). The steep 
continental slope creates instability of these deposited sediments resulting in small scale slumps and 
turbidity flows (Hassold et al., 2009b). These turbidity flows carry the fine fraction of sediment out to 
the continental rise where they are suspended in the nepheloid layer and distributed laterally by 
southwest-flowing, bathymetrically guided, bottom currents forming the large drift deposits 
(Hassold et al., 2009b). Depending on local oceanic conditions as well as ice sheet conditions on the 
continental shelf, episodic iceberg rafted debris events and pelagic settling of biogenic detritus also 
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contribute to the sedimentation of the drifts.
 
Figure 2-15. Processes contributing to drift development on the Antarctic margin. Sediment load on the continental slope 
becomes unstable forming debris flows and turbidity currents. The fine fraction is suspended and entrained in the nepheloid 
layer before deposition via contour currents. Episodes of iceberg rafted debris and biogenic settling are also common. The 
estimated location of Site 1101 core is marked. Modified from Barker et al, (2011) and Lucchi and Rebesco, (2007). 
2.4.3 Ice Rafted Debris (IRD) 
Cowan et al. (2008) analysed IRD from ODP Site 1101 and found coarse grained IRD was likely 
sourced from glaciers releasing icebergs and the thickness of the glacial/interglacial units was an 
indication of time rather than sedimentation rate changes. Between 1.68–1.35 Ma glacial 
sedimentary units were relatively thin, which they attributed to shorter durations of glaciers at the 
shelf edge. Thicker glacial units from 0.97 Ma onwards indicate glaciers expanded in size and 
terminated at the shelf break for a longer time. 
During the late Pliocene and early Pleistocene their IRD analyses indicate smaller glaciers were 
present with exposed bedrock in valleys. During the early Pleistocene, the IRD suggests a large-scale 
continental ice sheet had formed with glaciers terminating at the continental shelf edge. At ~0.88 
Ma IRD was at a maximum while coarse grained debris and sedimentation rates increased which 
they suggest is due to a significant ice sheet collapse and could be related to the Mid-Pleistocene 
Transition. 
By comparing the IRD record of Site 1101 with Site 1096 ~500 km to the SW, (see Figure 3-1 for 
location map) they made some inferences as to the climatic conditions between glacial/interglacial 
cycles, a summary of which follows: 
Interglacial Cycles – less IRD was present at Site 1101 than Site 1096 which they proposed was due 
to the APF drifting closer to the more proximal Site 1101. This would effectively raise SSTs at Site 
1101 which caused icebergs to melt closer to the Antarctic Peninsula coast and hence less icebergs 
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drifted over Site 1101. At the same time cooler temperatures at Site 1096 due to being further from 
the APF allowed more icebergs to reach the site. IRD occurring during the simultaneous deposition 
of calcareous nannofossils had the greatest range of origin which was attributed to a lack of sea-ice 
during these interglacials allowing the flow of icebergs along the West Antarctic Coast. 
Glacial Cycles – more IRD was present at Site 1101 than Site 1096 due to the APF drifting further 
away from Site 1101, which decreased SSTs and allowed more icebergs to reach the site. At Site 
1096, assumed cooler again due to being more distal from the APF, pack ice may have prevented 
icebergs from reaching the site. 
2.4.4 Previous Sedimentological Studies on Antarctic Drifts 
Previous work on the Antarctic Peninsula sediment drifts allowed division into four main facies/ 
categories; 1) Glacial, 2) glacial to interglacial transition, 3) interglacial and 4) interglacial to glacial 
transition, Figure 2-16. These are characterised by changes in sediment supply, sedimentation rates, 
biogenic productivity, IRD, bioturbation, sedimentary structure (laminated vs massive) and more. 
These changes can be initiated by ice sheet advance and retreat, ice sheet grounding events, 
changes in sea surface temperatures, sea-ice cover, polynyas, ocean currents, changes in the calcite 
compensation depth and solar forcing.  
 
Figure 2-16. The four depositional environments contributing to the sedimentary facies found repeating in drifts from the 
Antarctic margin. Modified from Lucchi and Rebesco, (2007).  
Figure 2-16 outlines these four phases and a brief summary of these classifications from Lucchi and 





Lithofacies: Grey laminated muds with sparse IRD and little to no biogenic material. 
Depositional setting: Extended sea-ice which limits icebergs and hence IRD. Subglacial transport 
from the grounded ice sheet at the continental shelf edge provides an increased sediment load onto 
the shelf slope resulting in more turbidity and mass gravity flows supplying the nepheloid layer. This 
results in a high sedimentation rate and the classic laminated muds. 
Glacial to Interglacial (Glacial Termination) 
Lithofacies: Hemipelagic terrigenous massive mud containing the highest concentration of IRD and 
bioturbation is also present. 
Depositional setting: Frequent iceberg calving due to disintegrating ice sheet increases IRD, 
decreased sea-ice cover allows biogenic productivity however a rise of the carbonate compensation 
depth (CCD) dissolves carbonates before they reach the sea floor. Decreased subglacial transport 
due to retreating ice sheet results in a slower sedimentation rate. 
Interglacial 
Lithofacies: Brown massive bioturbated diatomaceous or calcareous muds with abundant IRD and 
aeolian input. 
Depositional setting: Retreated sea-ice and warmer sea surface temperatures allows increased 
productivity in the water column. A decreased CCD allows the preservation of calcareous sediments 
Abundant infauna produce highly bioturbated sediments. 
Interglacial to Glacial 
Lithofacies: Terrigenous massive mud with sparse IRD and some bioturbation. 
Depositional setting: The grounded ice sheet advances, increasing terrigenous supply through turbid 




3 Regional Setting 
3.1 Location 
Site 1101 is one of nine sites drilled during Ocean Drilling Program (ODP) Leg 178 on the Pacific 
continental margin of the Antarctic Peninsula. There are eight hemipelagic sediment drifts which 
have formed at the base of the continental slope (Guyodo et al., 2001) and Site 1101 is located at a 
water depth of 3280 m on the north western flank of Drift 4, Figure 3-1. 
 
Figure 3-1. Location map of Leg 178 drill sites on the western margin of the Antarctic Peninsula. Drifts 4-7 are also shown 
and referred to in text. Modified from Acton et al. (2002). 
The Antarctic Peninsula is a long, narrow plateau, standing at ~900 m elevation at the northern end 
and rising to 2000 m at the southern end. The ice cover is variable, a few hundred meters thick at 
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most, with steep-sided fjords rapidly draining the plateau via sheer ice falls and short valley glaciers 
(Barker, Camerlenghi, et al., 1999). The ice shelves present are small and sensitive to atmospheric 
warming (Diekmann et al., 2000) and iceberg production is sparse (Barker, Camerlenghi, et al., 
1999). Snow accumulation on the Antarctic Peninsula is high due to the steep temperature gradient 
between the warmer peninsula and cooler East Antarctica, with the peninsula receiving almost four 
times the average Antarctic snow fall (Barker, Camerlenghi, et al., 1999; Marshall et al., 2017). High 
snow accumulation rates produce increased ice transport resulting in an increased basal sediment 
load deposited at the continental margin (Barker, Camerlenghi, et al., 1999), hence the sediment 
drifts created by this process being an excellent location to study glacial cycles. Grounded ice sheets 
regularly reached the continental shelf edge during glacial maxima (Barker, Camerlenghi, et al., 
1999; Bentley and Anderson, 1998). 
3.2 Antarctic Peninsula Oceanography 
The Antarctic Peninsula is flanked by the Bellingshausen Sea to the west and the Weddell Sea to the 
east. The dominant biogeochemical and ecological influences are freshwater input from melting ice 
and sea-ice distribution (Ducklow et al., 2013). The Bellingshausen Sea is currently undergoing 
changes such as sea-ice retreat, increased upper-layer salinification, collapsing ice shelves and 
increased ocean temperatures which has been attributed to atmospheric changes (Turner et al., 
2009). The Antarctic Coastal Current is a wind-driven counter-current of the ACC, flowing 
anticlockwise around the continent. It is this current that interacts with the ice shelves and also 




Figure 3-2. Regional ocean currents and water masses active around the Antarctic Peninsula. Unmodified from Hernández-
Molina et al. (2006). 
The bottom current at Site 1101 is a branch of Lower Circumpolar Deep Water (LCDW) which is 
derived from the Weddell Gyre (Figure 3-2) (Hernández-Molina et al., 2006). 
3.3 Antarctic Peninsula Ice Sheet 
The ice volume on the Antarctic Peninsula is 95,200 km3 (<1% of the total Antarctic ice sheet) which 
is equivalent to about 2.42 cm of sea-level rise (Turner et al., 2009). Observations from the Antarctic 
Peninsula indicate sea-ice is reducing and the atmosphere and ocean are rapidly warming (Vaughan 
et al., 2003; Holland et al., 2010), with the western peninsula warming 7° over the last 50 years and 
sea-ice duration declining by 100 days since 1978 (Ducklow et al., 2013). Ice shelves have reduced 
dramatically on both sides of the peninsula due to this warming (Turner et al., 2009). The Antarctic 
Peninsula is the warmest part of Antarctica due to its latitude and the prevailing north-westerly 
wind. During summer, temperatures can rise to several degrees above freezing making it the only 
part of Antarctica subject to substantial summer melt (Turner et al., 2009). Recently an Argentinian 
base logged the warmest temperature on record of 18.3°C although this is not yet verified, and the 
long-term warming trend is far more significant than one off temperatures. 
Cook et al. (2005) measured 244 marine glacier fronts on the Antarctic Peninsula and associated 
islands over a 61 year period. They found there have been increasingly more glaciers retreating and 
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that this retreat has followed a clear southerly migration since 1945. Before these retreats, the 
glaciers were in persistent mean advance so Cook et al. (2005) suggest the present retreat could be 
part of longer cyclic behaviours.  
Ice shelves form a buttress which restrains the flow of glaciers and ice streams terminating at the 
ocean. The loss of floating ice shelves along the Antarctic Peninsula has caused acceleration of inland 
glaciers which increases drainage of the Antarctic Peninsula (De Angelis and Skvarca, 2003; Rott et 
al., 2002; Turner et al., 2009; Cook et al., 2005).  
3.4 Modern Drift Setting 
 
The sediment core used in this study is from Site 1101, located on Drift 4, see Figure 3-3. This is one 
of eight hemipelagic sediment drifts that have formed at the base of the continental slope alongside 
the Antarctic Peninsula. These drifts are located to the west of the Antarctic Peninsula and stretch 
for tens of kilometres orthogonal to the Antarctic margin (Camerlenghi et al., 1997). They have 
steep, rough slopes to the southeast and southwest, and gentle slopes to the northeast and 




Figure 3-3. Sediment drifts on the western Antarctic Peninsula. Thick dashed line marks the polar front. Inset map marks the 
Weddell Gyre and overspill around the Peninsula with solid arrows. ACC indicated with open arrows. The red star indicates 
the location of Site 1101, used in this study. Modified from Pudsey (1998). 
The west Antarctic Peninsula sediment drifts are separated by turbidity current channels extending 
from the base of the continental slope (Cowan et al., 2008; Pudsey and Camerlenghi, 1998). The 
drifts become larger to the southwest which could be due to either an increase in the proximal 
glacial source (as the Antarctic Peninsula becomes broader), or a growing distal contribution (Barker, 
Camerlenghi, et al., 1999). 
3.5 Effect of Currents Surrounding Drifts 
Camerlenghi et al. (1997) measured the bottom water flow on Drift 7, near Site 1101, using two 
current meter deployments over a period of 10 months. They measured a “significant anticlockwise, 
topographically controlled flow” (Camerlenghi et al., 1997, p.431) around this drift, albeit weak. The 
same topographic control on flow is assumed to have existed for the last 5 Myr during the drift 
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maintenance stage (Camerlenghi et al., 1997). The mean current velocity 8 m above the seabed at 
Drift 7 is capable of transporting fine grained sediments, averaging ~6.2 cm s-1 while the maximum 
intensity during the observation period never exceeded 20 cm s-1 (Camerlenghi et al., 1997). 
The high clay content of core-top sediments from Drift 7 further confirm current speeds are weak 
enough to deposit fine material during an interglacial (Camerlenghi et al., 1997). In addition, the 
current velocities are low enough in that the clay particles are not winnowed. Camerlenghi et al 
(1997) used this to suggest the high clay content in the glacial periods is consistent with a very weak 
current theorising the bottom current regime did not change significantly between glacial and 
interglacial cycles. According to Camerlinghi et al. (1997) and supported by Barker, Barrett, et al. 
(1999), the nepheloid layer was supplied from sediment sourced from turbidity currents travelling 
between the drifts and that resuspension by bottom currents was not a factor (Camerlenghi et al., 
1997).  
The asymmetric shape of the drifts is thought to be influenced by a slow southwest boundary 
current (Barker, Camerlenghi, et al., 1999). The origin of the flow has been suggested to be Weddell 
Sea Deep Water (WSDW) based on photographs, temperatures and current measurements (Hollister 
and Elder, 1969; Barker, Barrett, et al., 1999; Nowlin et al., 2000; Giorgetti et al., 2003). 
Importantly, the bottom water flow patterns at Drift 7 were found to be synchronous to the flow 
patterns of the Antarctic Circumpolar Current (ACC) (Camerlenghi et al., 1997), and some have 
suggested these sediments may serve as a paleocurrent meter for the ACC (Hassold et al., 2009b). 
This poses the possibility the drifts may hold a key to the changes in the ACC during the last few 
million years. 
The main current at Site 1101 follows the contours of the drift lobes as it flows southwest along the 
Pacific margin of the Antarctic Peninsula (Figure 3-4) (Parés et al., 2007). This current is said to be 
from a subpolar gyre initiating in the Weddell Sea (Barker, Camerlenghi, et al., 1999; Nowlin et al., 




Figure 3-4. Drift 4, Site 1101 along the Antarctic Peninsula. Arrows indicate the bottom water current. This figure is 
modified from Parés et al. (2007). 
The NW – SE paleocurrent flow direction at Site 1101 as obtained by Parés (2007) is perpendicular to 
the continental shelf. They suggested at Site 1095 the current strength decreased gradually over the 
last 10 Myr while the current at Site 1101 stayed relatively constant for the past 3 Myr. 
3.6 Paleoceanographic techniques used in this work 
3.6.1 Environmental Magnetism 
Environmental magnetism is the field of examining magnetic properties of rocks and minerals and 
using these as proxy indicators for a range of environmental processes (Dekkers, 1997; Sagnotti et 
al., 1998; Liu et al., 2003). The magnetic properties of iron bearing minerals are particularly sensitive 
to changing environmental conditions (Liu et al., 2003) and the presence of these minerals is 
ubiquitous throughout sediments on Earth. Depositional signals of terrigenous sediments can be 
altered by diagenesis, compaction, lithification and reworking of sediments by bottom currents 
(Stolz et al., 1990; Fox et al., 2016; Joseph et al., 2002; Sagnotti et al., 1998).  
A range of magnetic techniques can be applied to interpret paleoclimatic variations of which 
relevant techniques to this study are outlined below. 
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3.6.2 Magnetic Susceptibility 
Magnetic susceptibility (MS) is the bulk susceptibility of a sample. It is a measure of the ability of a 
sample to acquire an induced magnetisation. Some minerals have a low MS such as calcite whereas 
other minerals, especially ferromagnetic minerals such as magnetite have a high MS. These 
variations of the MS in sediments have been used in many studies, some examples are as follows. 
Hepp et al. (2006) used MS to define different lithological units in sediment drifts as well as identify 
glacial/interglacial transitions. Van der Land et al. (2010) used MS for identifying carbonate vs 
detrital-rich sediment layers in a study on diagenesis. Ren et al. (2009) used changes in MS values to 
infer changes in the intensity of the Atlantic water-mass. Ohneiser and Wilson. (2018) used MS as 
well as AMS to identify changes in carbonate content in mudstones which they used as a proxy for 
ice volume variation. 
Liu et al. (2003) points out that IRD layers in marine sediment have MS values much higher than 
background sediments, however the strong influence of currents during the Quaternary in Antarctic 
marine sediments complicates the interpretation of these. 
3.6.3 Anisotropy of Magnetic Susceptibility (AMS) 
Magnetic susceptibility is the samples ability to acquire an induced magnetisation or, the ability to 
be magnetised. Anisotropy of magnetic susceptibility (AMS) is a measure of the induced 
magnetisation of the applied magnetic field and reflects the bulk orientation of magnetic grains in a 
sample (Joseph et al., 1998). This is also termed the magnetic fabric. 
Magnetic fabric can be used to determine paleocurrent strength and direction, as well as provide 
some insight into the depositional environment of deep-sea sediments (Joseph et al., 1998; Parés et 
al., 2007; Ohneiser and Wilson, 2018; Hassold et al., 2009a; Ellwood and Ledbetter, 1979). As grains 
settle to the sea floor due to gravity, they tend to align themselves with the long axis parallel to the 
current. The stronger this alignment of grains within a sample, the stronger the current was when 
they were deposited and hence the stronger the magnetic fabric. This differs from magnetic grains 
which are aligned by the geomagnetic field and are orders of magnitude smaller (i.e. 10s of nM) than 
grains which result in the magnetic fabric in the sediment.  A secondary magnetic fabric can 
overprint this primary fabric due to sediment deformation which includes drilling disturbance or 
bioturbation among others  (Weiler, 2007; Joseph et al., 1998). 
The AMS can be represented geometrically as a triaxial ellipsoid with three principle ellipsoid axes; 
Maximum susceptibility = K1, intermediate = K2, and minimum = K3 (Joseph et al., 1998).  
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(Kmax (K1) > Kint (K2) > Kmin (K3) 





Two parameters define the magnetic fabric; P’ and T (Hassold et al., 2009b; Joseph et al., 2002). 
Both P and P’ are representative of the magnitude of the fabric strength. Higher values represent 
stronger degrees of magnetic anisotropy and the maximum value obtainable for a sample depends 
upon the dominant carrier of the anisotropy (Joseph et al., 1998). 
P or P2 is the degree of anisotropy and is a ratio of the maximum and minimum susceptibilities. 
P = P2 = K1/K3 
P’ is a measure of the corrected degree of anisotropy. 
P' = exp{2[(ŋ1 – ŋm)2 + (ŋ2 – ŋm)2 + (ŋ3 – ŋm)2]}1/2 
where ŋ1 = lnK1, ŋ2 = lnK2, ŋ3 = lnK3 and ŋm = (ŋ1 ŋ2 ŋ3 )1/3 
T refers to the shape of the magnetic ellipsoid. The shape can be oblate (disc shaped) with two long 
axis and one short axis (0<T≤1). Or prolate (cigar shaped) with two short axis and one long axis (-
1≤T<0).  
T = (2ŋ2- ŋ1 - ŋ3)/(ŋ1 - ŋ3) 
The orientation of the ellipsoid can be used to determine the current direction and hence different 
sedimentary interlayers, however this becomes complicated with the core often being rotated 
during drilling (Joseph et al., 1998). 
The ratio of P’ to T can be plotted to infer the strength of the current during sediment deposition. 
Joseph et al. (1998) described the following 3 scenarios for deep sea terrigenous sediments as 
shown in Figure 3-5. 
Interlayers – this suite of samples has a non-existent to very weak magnetic fabric (P’ < 1.01) and the 
equivalent shape of these ellipsoids is a sphere.  
Turbidites – this suite of samples has a well-developed magnetic fabric (P’ > 1.05) and the 
susceptibility ellipsoid has typically oblate shapes. 
Sediment Drifts – the magnetic fabric ranges between those of interlayers and turbidites (P’ = 1.01-
1.05) and the ellipsoid shapes are primarily oblate (0.1 < T < 0.9) 
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Joseph et al. (1998) measured grain size, sorting and the intensity and shape of the magnetic fabric 
in known pelagic, hemipelagic and turbidite settings. Their results indicate sediment samples from 
different depositional environments can be distinguished by examining this suite of measurements.  
Using grainsize distributions to clarify the depositional environments showed there was some 
overlap between turbidites and sediment drifts for magnetic fabrics, where very strong fabrics were 




Figure 3-5. Magnetic fabric (P') versus the shape of the anisotropy (T) showing how depositional environments can be 
grouped. Unmodified from Joseph et al. (1998). 
Other relevant ellipsoid properties that can be expressed in terms of axial ratios are as follows: 
Lineation, L is the ratio between the maximum susceptibility and the intermediate susceptibility. 
L = K1/K2 
Foliation, F is the ratio between intermediate susceptibility and minimum susceptibility. Foliation is 
stronger in samples with more well-developed bedding planes. 
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3.6.3.1 Previous magnetic fabric studies on ODP Exp 178 sediments 
Since the recovery of sediment cores from ODP sites 1095 and 1101 (the focus of this study) several 
low-resolution magnetic fabric and sedimentological studies have been conducted to determine long 
term evolution of the depositional regime and ocean circulation. Some examples of AMS used in 
paleoceanographic studies are outlined below. 
Hassold et al. (2009) used AMS to determine the current strength of a hemipelagic sediment drift 
(Drift 7, ODP Site 1095) and confirmed the decrease in magnetic fabric strength is current related 
and not composition related by showing the magnetic mineral was unchanging. They proved this 
using radiogenic isotope analyses and magnetic mineralogy. 
AMS has also been used to distinguish between hemipelagic and drift current deposits at ODP Site 
1101 (Rea et al., 2016). These fabrics are distinct in that in drift deposits the grains are oriented 
whereas in hemipelagic settings the grains are random (Joseph et al., 1998; Rea et al., 2016). 
Parés et al (2007) used inclination and declination to reorient cores for ODP Site 1095 (Drift 7) and 
ODP Site 1101 (Drift 4) to determine the paleocurrent flow direction. They found the paleocurrents 
trend ~NW – SE. 
Rea (2016) used AMS to perform a spectral analysis on Drift 4, ODP Site 1101. They tuned their data 
so that the largest fabric details correspond to the minimum eccentricity values which generated a 
new time scale, or age-depth relationship. They concluded the “climate forcing of the P’ record may 
be a truncated precession-driven process” (Rea et al., 2016, p.753). An absence of a 40 kyr oscillation 
was possibly from the sample spacing but they are “hesitant to draw any definitive conclusions 
regarding the presence or absence of spectral power at these shorter intervals” (Rea et al., 2016, 
p.754). 
3.6.4 Age Model 
An important task in any paleoceanographic or paleoenvironmental evaluation from a sedimentary 
succession is the establishment of a precise and reliable age model. A good age model allows 1) 
records to be correlated regionally and globally, 2) an understanding of when a certain climatic 
event occurred, 3) and in some cases, if the age model is very precise, an estimate of how quickly a 
climate transition or event occurred. A key data set used for reconstruction of geologic age models 
consists of micropaleontological bioevents such as the first or last appearances of diatoms, 
foraminifera, radiolaria and nannofossils. These form the basis of refinement of an age model using 
a magnetostratigraphy or from correlation of orbital cycles identified in physical properties data. At 
Site 1101 a precise age model is required to allow correlation of paleocurrent data (AMS) and 
elemental data with the δ18O record. The basis of this age model is a reliable magnetostratigraphy 
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which is correlated with the geomagnetic polarity timescale using biostratigraphic datums from 
shipboard studies. 
3.6.4.1 Biostratigraphy 
Shipboard analyses by Barker, Camerlenghi, et al. (1999) found four microfossil groups; diatoms, 
radiolarians, calcareous nannofossils, and foraminifera. Diatom preservation and abundance varied 
throughout the core. Intervals of abundant, well-preserved diatoms alternated with barren ones. 
Table 1 displays the diatom datums noted at this site and Figure 3-6 displays the zonal assignments. 
Table 1. Diatom datums observed at Site 1101. T = top occurrence datum (last), B = base  occurrence datum (first), BC = 
base common occurrence datum, TC = top common occurrence datum. This table is unmodified from Barker, Camerlenghi, 
et al. (1999). 
 
Radiolarian assemblages contained both robust and thin-shelled specimens abundant and 
moderately preserved with only two barren intervals (Barker, Camerlenghi, et al., 1999). Reworked 





Figure 3-6. Zonal assignments of Site 1101. This figure is unmodified from Barker, Camerlenghi, et al. (1999). 
Calcareous nannofossils were found in some sections at Site 1101; the upper two cores and 67 – 124 
mbsf as detailed in Figure 3-6. Low numbers of nannofossils are found in the siliceous intervals but 
are usually partly dissolved (Barker, Camerlenghi, et al., 1999). 
Foraminifers are most common through the interval 34 – 55 mbsf. Planktonic and both calcareous 
and agglutinated benthic foraminifers are present. Reworked planktonic foraminiferal faunas were 
not observed (Barker, Camerlenghi, et al., 1999). 






The Earth’s magnetic field oscillates between normal and reverse polarity at irregular intervals 
through time with this polarity being imprinted onto sediments. The timing and duration of these 
polarity reversals has been reconstructed initially from marine magnetic anomaly profiles (Cande 
and Kent, 1992) and later refined from drill core and outcrop successions e.g. (Billups et al., 2004), 
resulting in a barcode like sequence named the geomagnetic polarity time scale (GPTS). The GPTS is 
a reference that can be calibrated and matched to sedimentary sequences around the globe 
however this works best when integrated with other dating tools (Langereis et al., 2010). Once 
reversals are identified, biostratigraphy can be used to help correlate the pattern of reversals with 
the polarity chrons of the GPTS and dates for the reversals are assigned. Sedimentation rates can 
then be computed between the identified reversals. 
At ODP Site 1101, Acton et al. (2002) correlated the pattern of polarity zones with polarity chrons of 
the GPTS supported by biostratigraphic data. They used U-channel sampling which were 
progressively alternating field (AF) demagnetised up to 80 mT and then used this 
magnetostratigraphy to compute sedimentation rates between the identified reversals. 
Discrete samples are more accurate as each sample covers a smaller area rather than the smoothing 
which is associated with continuous U-channels. In this project I have used discrete samples to verify 
the boundaries of the chrons and build on the magnetostratigraphy from Acton et al. (2002). 
3.6.5 Core Scanning XRF 
X-ray fluorescence spectrometry (XRF) core scanners have rapid and non-destructive analytical 
capability and can be used to determine the bulk elemental composition of sediment cores without 
the need for time consuming sample preparation. XRF data from marine successions are often used 
to reconstruct variations in terrigenous sediment delivery, provenance, redox conditions, water 
column oxygenation and changes in ocean productivity at decadal, annual and even sub-annual 
scales (Rothwell and Croudace, 2015). 
XRF core scanning has been used in a variety of different studies, a few of which are outlined here. 
K/Ca, Ti/Ca and Fe/Ca elemental ratios were used to characterise the composition of terrigenous 
and deep-sea sediments from the Portuguese continental margin which were then correlated with 
Heinrich events (Lebreiro et al., 2009). Ca/Fe from carbonate mounts was used to infer whether the 
control on sediment accumulation was regional or local at the SW Rockall Trough margin (Van der 
Land et al., 2010). Fe, Ti, K and Si have been used as indicators for changes in terrestrial input in a 
Greenland Fjord which were caused by variations in melt-water discharge and Ca and Ba as 
reflecting biogenic production (Ren et al., 2009). Si/Ti ratios were used on sediments from Lake 
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El’gygytgyn in the Arctic to show primary productivity, with an increase in the ratio implying 
increased productivity (Melles et al., 2012) and Melles et al (2012) also used Mn/Fe to determine the 
oxygenation of the water column. 
Further studies have shown some elements (Al, Ca, K, Si, Rb and Zr) can be sensitive indicators of 
grainsize variations therefore lithologic changes can be determined from the ratio variations of these 
elements (Penkrot et al., 2018; Rothwell and Croudace, 2015). Variations in concentration of light 
rare-earth elements can indicate changes in provenance (Munksgaard et al., 2003; Russ et al., 2020). 
Elements sensitive to diagenesis changes include S, Mn, Mo, V and Fe (Penkrot et al., 2018; Kuzyk et 
al., 2017). Al and Ti can be used as an indicator of terrigenous detrital input due to the lack of 
weathering and post-depositional effects on these elements (Krissek and Kyle, 2001; Barron et al., 
2009). 
For this study the higher order purpose was to identify the glacial-interglacial cycles which can be 
determined from changes in Fe or Ti as a proxy for terrigenous input and Ca as an indicator of 
biogenic production (Rothwell and Croudace, 2015). Ti is a better indicator in this situation as it is 
redox-insensitive compared with Fe (Rothwell and Croudace, 2015). The variance of Ti and Fe or 
Fe/MS can indicate the significance of diagenesis of Fe (Rothwell and Croudace, 2015). Episodes of 
IRD are often evident in Fe and Ti peaks (Rothwell and Croudace, 2015). 
XRF core scanning can also be used to correlate core-to-core or hole-to-hole drill sites which allows 
more accurate composite depth scales. 
Orbitally-tuned core log records, for example, strong cyclical element signals (Fe, K, Ti, Al, Si) 
compatible with Milanković - type orbital forcing have been used in several studies (Rothwell and 
Croudace, 2015). 
3.6.6 Spectral Analysis 
Spectral analysis techniques have been increasingly employed to identify the cyclic patterns in 
climate proxy and physical properties data in sedimentary successions. Various techniques can be 
used on data in time or depth to detect harmonic signal components (Weedon, 2003). Spectral 
analysis breaks down the combined orbital signal recorded in a sedimentary sequence into its 
constituent components of eccentricity, obliquity, and precession. 
Earth’s orbital cycles can be predicted reliably for the last 40 – 50 Ma using the orbital solution 
(La04) from Laskar et al (2004) and can therefore be used to orbitally tune sedimentary records, 
although this is outside the scope of this project. 
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The spectral analyses applied in this project are from the R package Astrochron by Meyers (2014). 
The main analyses used are evolutive harmonic analysis (EHA), evolutive power spectral analysis 
(EPSA) and multi-taper method spectral analysis with power law (mtmPL). 
EHA and EPSA are moving window Fourier analyses that use the Thomson multi-taper method 
(MTM) of Thomson, (1982) (Meyers and Sageman, 2004). They apply MTM harmonic analysis on a 
moving window that shifts sequentially through the data series (Meyers et al., 2001). This MTM 
analysis has excellent frequency resolution and provides an f-test for each frequency component. 
This f-test ensures only statistically significant peaks are identified (Meyers et al., 2001). The size of 
the moving window is a compromise between the maximum frequency resolution and the maximum 
resolution of the target sedimentation rates (Meyers et al., 2001).  
MTM power spectral estimates are calculated using the multitaper method spectral analysis with 
power law (1/f) fit (mtmPL). This method identifies frequencies that meet the required power law 
confidence level and MTM harmonic F-test confidence level (Meyers, 2014). It also allows for the 
smoothing in the MTM power spectral estimate. To reduce the false positive rate significant F-tests 
must occur on a local power spectrum high which occurs above the local red noise background 
estimate (Meyers, 2014). The Astrochron method 1/f MTM (mtmPL) was chosen as it produced the 
most accurate error estimates and the best power level decay curve for the dataset. 
3.6.6.1 Previous Spectral Analysis examples from Antarctica 
Patterson et al. (2014) conducted spectral analysis on IRD from IODP Site U1361 offshore of the 
Wilkes Land margin, Antarctica to determine which orbital frequency could be attributed to the 
periodicities in the data. They used their findings to propose that between 3.5 and 2.5 Ma the ocean 
cooled, sea-ice increased and that the driving orbital parameters changed from obliquity (~40 kyr) to 
precession modulated by eccentricity. 
Rea et al. (2016) used spectral analysis on AMS data from a sediment drift off the Antarctic Peninsula 
to propose their data was in phase with the 100 and 400 kyr eccentricity cycles and that there was 
no obliquity signal. However, sample spacing in their study was ~14.7 kyr which precludes identifying 
obliquity and precession. Moreover, they used an 80% confidence threshold for cycle identification 
which is lower than what is commonly used (e.g. by Patterson et al. 2014).   
On shorter timescales Domack et al. (2001) used spectral analysis on magnetic susceptibility data for 
a late Pleistocene to Holocene sedimentary succession from ODP Site 1098 at Palmer Deep, 
Antarctic Peninsula and found strong periodicities in the 400, 200 and 50 – 70 yr frequencies 




4.1 Sampling and Core Logging 
Sample collection and core logging was carried out at the Gulf Coast Repository in Texas, USA in May 
2018. A total of 85 m of core from Site 1101A was logged and sampled from 48 – 133 mbsf. This 
section of core was identified as having preserved an excellent cyclic record of past glacials and 
interglacials that would be most beneficial to the purpose of this study. Summary stratigraphy 
descriptions have been generated based on visual core descriptions carried out on the archive half of 
hole 1101A. Each section of core was carefully examined for changing lithologies as well as IRD, 
bioturbation, turbidites, ripples and any other geologic structures or features present. Drilling 
disturbances and missing sections were also noted. 
A total of 433 oriented discrete paleomagnetic cubes with volume 8 cm3 were collected from the 
working half of the core at as close to 10 cm spacing as was reasonable. The discrete cubes were 
collected by orienting the cube with the core and collecting the sediment from as close to the centre 
of the split core as possible. If samples are collected too close to the periphery they can be affected 
by coring disturbances and magnetic overprints from the advanced hydraulic piston corer (Acton et 
al., 2002). Samples were only collected if the integrity of the sediment was still intact. Samples were 
then stored in a refrigerator to prevent drying out and losing their coherency. 
4.2 Core Scanning XRF 
XRF measurements were made on the archive half of core 1101A using the Avaatech Core Scanner at 
the JRSO XRF facility located at the Gulf Coast Repository in the Texas A&M University Research 
Park. Each core was prepared by flattening, cleaning and smoothing all rough surfaces. Large IRD 
(e.g. large pebbles) were temporarily removed and then replaced after XRF scanning. Scraping 1-2 
mm of sediment from the surface ensures there is no contamination of the measurement from 
redox reactions at the core surface during core storage. A thin (4 µm) Ultralene film was then placed 
over the core to prevent desiccation and protect the detector (and the lower portion of the core) 
from mud. The core was carefully examined and any areas of disturbed sediment along with very 
large cracks and damaged core sections were not measured. Small cracks were allowed to pass 
through with these being removed from the data later on. 
The XRF system was flushed with helium to prevent partial or complete absorption of emitted soft 
radiation from the sample by air. The tube voltage was set to 10kV, the measuring spot size 1 cm, 
and spacing of 1 cm. No filter was applied. Before measuring commenced each day, the system was 
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calibrated using a standard which was then cross checked with the previous daily standard 
measurements. Measurement time is in s. 
10 kV was selected due to this covering the elements most relevant for this project, namely Ca, Ti, 
and Fe. This also has the shortest run time for the Avaatech Core Scanner, about 20 mins per core 
section, therefore we were able to measure the core for the desired length. The full suite of 
elements measured at 10 kV is Mg, Al, Si, P, S, Cl, Ar, K, Ca, Ti, Cr, Mn, Fe and Rh. 
4.3 Demagnetisation 
To determine the polarity for each sample collected, AF demagnetisation was performed on all 
discrete cubes in the 2G Enterprises DC 760–3.5, pass-through superconducting rock magnetometer 
located in a magnetically shielded room at the Otago Paleomagnetic Research Facility. Each sample 
was demagnetised in 5 mT increments from 5 mT to 50 mT and then 10 mT increments to 80 mT, 
skipping 90 mT with the final demagnetisation step at 100 mT.  
Before demagnetisation and measuring commenced, discrete cubes were placed in the 150 nT 
magnetically shielded room to allow the samples to relax and for any viscous magnetisation to 
decay.  
Principal Component Analysis (PCA) on demagnetisation data was then conducted using PuffinPlot 
(Lurcock and Wilson, 2012). Zijderveld plots (orthogonal component vector plots) along with the 
NRM intensity decay plots were used to assess each sample and identify points representative of the 
primary remanent magnetisation to perform PCA on. For a sample to be considered for PCA the 
intensity decay curve must be linear and trending towards the origin and any secondary remanence 
isolatable. The Maximum Angular Deviation (MAD) value provides an estimate of how well the 
principal components fit the data.  
Existing paleomagnetic measurements used within this text are from Acton et al. (2002) which used 
U-channel 2 cm x 2 cm in cross section and up to 1.5 m length. These were collected and measured 
post cruise at the Institut de Physique du Globe de Paris on a Model 755R system from 2-G 
Enterprises (Acton et al., 2002). 
4.4 Rock Magnetic Analyses 
Rock magnetic analyses (Isothermal Remanence Magnetisation and hysteresis) were performed on a 
Princeton Measurements corporation Vibrating Sample Magnetometer (VSM) on 127 selected 
~0.15g samples.  Samples were crushed in a mortar and pestle and packed into plastic sample 
capsules. IRM and hysteresis analyses were performed to saturating fields of 0.5T. Measurement 
steps were determined automatically by the VSM software. 
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4.5 Anisotropy of Magnetic Susceptibility 
The anisotropy of magnetic susceptibility (AMS) was measured for each oriented discrete cube in the 
AGIOC MFK‐1A Kappabridge at the Otago Paleomagnetic Research Facility using the rotating sample 
holder. The 3D-Rotator rotates the specimen simultaneously about two axes with different velocities 
which enables 320 directional susceptibilities during a single anisotropy measurement. Before each 
sampling session commenced the Kappabridge was calibrated using a standard. The field was set to 
200 Am. From the 320 directional measurements Kmin, Kint and Kmax (minimum, intermediate and 
maximum magnetic susceptibility), direction and magnitude are calculated as well as a bulk 
magnetic susceptibility. Finally, the Kmin, Kint and Kmax values are used to calculate the degree of 
foliation, lineation, P’ (corrected degree of anisotropy) and the ellipsoid shape (T). 
The 3D rotator is a relatively new innovation on the AGICO kappabridge which replaces the well-
known but more time consuming 3 direction measurement technique. The 3D rotator was designed 
to measure cylinders rather than cubes. To ensure 3D rotator data were comparable with the older 3 
direction data, ten randomly selected samples were measured using the 3-direction technique and 
the 3D rotator. The differences were negligible so the much faster 3D-Rotator was used. 
Post measurement data cleaning involved determining an angular cut off value for Kmin to eliminate 
any samples which may have been oriented badly during sampling or were sampled too close to the 
edge of the core where a coring induced magnetic fabric is measured rather than a depositional one. 
A cut-off value of 70° was applied and anything under this was removed from further processing (see 
discussion). 
4.6 Spectral Analysis 
In this study spectral analysis was carried out using the Astrochron package in R (Meyers, 2014) to 
understand the frequency content of different environmental proxy data. Evolutive harmonic 
analysis (EHA) and evolutive power spectral analysis (EPSA) was conducted on a range of XRF 
elements and elemental ratios as well as on magnetic fabric, lineation, foliation, magnetic 
susceptibility and colour reflectance. All analyses were conducted in the depth domain only.  
Astrochron requires an even sampling interval so data were linearly interpolated with sample 
spacing varying depending on the resolution of the data set (e.g. XRF data were interpolated to 1 cm 
intervals). 
MTM power spectral estimates are calculated using the multitaper method spectral analysis with 




The frequency range used for analysing and plotting EPA and EPSA was set between 0 (fmin) and 1 
(fmax). Fmax of 1 was used as the target cycles of eccentricity, obliquity and precession, at an average 
sedimentation rate of 7 cm / kyr, would be expected at frequencies of ~0.14, ~ 0.34 and ~0.6 
respectively. The data was detrended and the mean subtracted, with a window size of 20 m and a 
step size of 0.1 m applied. The 20 m moving window is equivalent to ~286 kyrs so it may be able to 
resolve eccentricity and will definitely cover obliquity and precession. The default 2 Slepian tapers 
were also used. (See R code at the end of this section). 
R code used in Astrochron for MTMPL and EPSA on datasets Ti, Ca, MS and P’. 
library(astrochron) 
 















5.1 Core Log and Lithologies 
During ODP Leg 178, the first 142.7 mbsf of Site 1101 was recovered by advanced piston corer (APC) 
before switching to the extended core barrel (XCB) down to 217 mbsf (Barker, Camerlenghi, et al., 
1999). Due to this site not being a primary objective for Leg 178 but rather an alternative while they 
waited for heavy seas to pass on the continental shelf, only one hole was drilled. Even though 99.1% 
of the core was recovered (Barker, Camerlenghi, et al., 1999), sediment disturbance at the end of 
each core has resulted in large sections, up to 1.5 m, of unusable sediment for scientific purposes. 
This “soupy” disturbed sediment at the base of each core is likely due to a partial stroke which is 
when the piston doesn’t penetrate to its full length resulting in the piston acting like a syringe, 
sucking in uncored host material (Jutzeler et al., 2014). It can also cause basal flow in which can 
disturb the uppermost part of the next core (Jutzeler et al., 2014). Shearing of sediment is also 
present throughout the core which is recognised by bedding curving upward along the core margins. 
For this reason, samples are always collected from the centre of the split core. 
The units and facies described in this section are derived from shipboard analyses as detailed by 
Barker, Camerlenghi, et al. (1999). The sediments were mainly hemipelagic clayey silt which are 
divided into three lithological units (Barker, Camerlenghi, et al., 1999). For the purpose of this 
research, only Unit II has been looked at in detail. 
Unit I (0–53.3 mbsf) and Unit II (53.3–142.7 mbsf) cycle between laminated clayey silts and massive 
biogenic-bearing clayey silts representing glacial and interglacial periods respectively (Barker, 
Camerlenghi, et al., 1999). Unit I consists of mostly clayey silt and silty clay with two facies 
alternating downcore; a massive facies with a variable biogenic component and a laminated facies 
(Barker, Camerlenghi, et al., 1999). Unit II signals the first occurrence of foraminifera bearing 
massive clayey silt and silty clays which alternate along with barren massive and laminated facies 
(Barker, Camerlenghi, et al., 1999). Unit III (142.7–217.7 mbsf) does not cycle between biogenic and 
terrigenous intervals as observed in the overlying units. It is mainly massive clayey silt and diamict 
with a low biogenic component (Barker, Camerlenghi, et al., 1999). 
Summary stratigraphy descriptions provided here are based on visual core descriptions by myself at 
the Gulf Coast Repository in Texas, USA and follow the facies definitions from Barker, Camerlenghi, 
et al. (1999). Drop stones are represented on the core log, Figure 5-1, however this is not 
representative of total IRD as this is too hard to quantify using only the naked eye. Missing sections 
and drilling disturbance, usually located at the end of each core, are indicated by black rectangles in 
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the summary core log. Three distinct facies are described which alternate throughout the section 
observed in this project from 48 – 133 mbsf; massive facies (Mf), laminated facies (Lf) and massive 






Figure 5-1. Core log 
All contacts are gradational throughout the core. 
5.1.1 Massive Facies 
The massive facies are represented by massive silty clay ranging in colour from greenish grey to dark 
brownish grey, Figure 5-2. It varies from structureless to moderately bioturbated. The longest 
section observed is 4.5 m thick. Rare silt laminae are present throughout the facies appearing as 1 – 
2 mm horizontal bands, often with sharp lower and graded upper contacts. Scattered sand grains 
also appear in places especially the base of core 15 (~133 mbsf). IRD dropstones are often present 
ranging up to 5 cm in diameter as shown in Figure 5-2a. Mf is most often flanked by MFf and a large 
14 m section between 89 m and 103 m is Mf alternating with MFf alone. 
 
Figure 5-2. Core images – Massive Facies. a) typical massive facies with large drop stone from section 178 1101A-09H-04. 
Core depth ~71 mbsf. b) Typical massive facies from section 178 1101A-09H-03. Core depth ~70.5 mbsf. c) Rare silt laminae 
from section 178 1101A-09H-02. Core depth ~69.6 mbsf. 
5.1.2 Foraminifera-Bearing Facies 
The massive foraminifera-bearing facies is characterised by the presence of foraminifera (Figure 
5-3a). It consists of a massive, greenish grey, silty clay with white foraminifera scattered throughout, 
giving it a light, sometimes brown appearance. These layers are often moderately bioturbated. 
Twenty two discrete layers of foraminifera-bearing sediment appear throughout the section, from 
0.1 m up to 2.34 m thick. A gradational contact of MFf is observed with the facies above and below. 
IRD is often present. The abundance of foraminifera within the carbonate intervals changes and this 
also varies between different carbonate intervals which I have based on sediment colour. For 
example, the carbonate interval at depth ~99 mbsf appears relatively suddenly, peaks, declines, 
peaks again and then terminates suddenly. Whereas the abundance of foraminifera in the next 
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carbonate interval at ~97 mbsf gradually increases, peaks, and then ends relatively suddenly. 
 
Figure 5-3. Core images – Foraminifera bearing massive facies. a) showing a typical foraminiferal bearing segment from 
178 1101A-7H-7. Core depth ~57 mbsf. b) showing a highly bioturbated section, with less visible foraminifera. Section 178 
1101A-08H-2. Core depth ~59 mbsf. 
5.1.3 Laminated Facies 
There are twelve distinct layers consisting of the laminated facies (Lf) throughout the section which 
consist of weakly laminated silty clay ranging in colour from dark greenish grey to dark grey. Colour 
banding is common within this facies and bioturbation ranges from light to moderately bioturbated. 
The laminations are horizontal, often discontinuous and there is no cross-bedding present. There is 
often a slight amount of drag on each edge due to the coring method which gives the laminations an 
arc appearance at the outer edges. These intervals are up to 6 m thick. Burrows also appear within 
this section as seen in Figure 5-4b. IRD is sparse. Graded silt laminae appear often with sharp bases 
and gradational upper contacts as shown in Figure 5-4a. Figure 5-4c shows a turbidite at ~122.8 




Figure 5-4. Core images – Laminated facies. a - Silt laminae with sharp base and graded top within the laminated facies. 
178 1101A-12H-06. Depth 103 mbsf. b - Burrows in laminated facies. 178 1101A-13H-04. ~110 mbsf. c) a rare turbidite in 
section 178 1101A-14H-06. Core depth 122.8 mbsf. 
5.2 XRF Results 
Quality control was performed on the raw XRF data by way of eliminating potentially inaccurate data 
counts using Ar counts as an indication of poor data quality. The Avaatech Core Scanner has a 1 cm2 
foot which rests on the split section of core before measuring the element intensities in total counts. 
As Ar is present in air and the spot size was set to the full 1 cm2, if this area encountered any cracks 
or uneven surfaces in the core surface the gap between the sensor and the core increases and the 
data quality decreases. The increased air gap between the sensor and the core is recognisable by an 
increase in the Ar counts. A threshold of 300 Ar counts was used for quality control as per (Helling et 
al., 2007) with all measurements above this value being removed. 
Outliers were present in the phosphorus data where single points were magnitudes higher than 
surrounding values, masking the background cycles. All data points greater than 2000 counts were 
subsequently excluded from further analysis. Similarly, Mn outliers greater than 15000 were 
excluded from the Mn data set. All other data sets are presented in full in Figure 5-5. 
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Figure 5-5.OPD Site 1101 XRF results at ~1 cm resolution. 
Conspicuous cycles are present in Si, Al, K, Fe and P and all follow a similar pattern of semi-regular 
spaced peaks and troughs throughout the core. There appear to be 3 main sections, labelled a – c in 
Figure 5-5. In section a, from 48 m to 67 m, the data are highly variable making it hard to distinguish 
individual cycles. There is a clearer pattern within the K and P data sets, probably due to the smaller 
range of counts. In section b, from 67 m to 122 m, a well-defined pattern emerges of these 5 
elements simultaneously repeating peaks and troughs down core. In section c, from 120 m to 133 m, 
this pattern becomes more obscure and the cycles are less defined than between 48 m and 67 m. 
Mg data are noisy but roughly follow the pattern described above. The data are more varied making 
it harder to pick out individual cycles. Again, the cycles in (a) and (c) are less defined as compared 
with (b). Mg mimics Si, Al, K, Fe and P for most of the core except between ~52 m and 54 m in 
section a, when Mg appears to decrease in comparison to the latter 5 elements which stay steady or 
even increase over this depth. 
Cr appears to be out of phase (anti podal) compared with the above described elements while 
maintaining a very similar cyclic pattern. The cycles are again well distinguished through the middle 
section (b). Cr peaks occur at the same time as troughs in Si, Al, K, Fe and P with no apparent lag 
while the opposite is also true for Cr troughs. 
Cl is significantly less noisy and tends to follow the same cyclic pattern as Si, Al, K, Fe and P. The last 
13 m of the core (c) show a dramatic increase in Cl counts as compared to the rest of the core. 
Ti, like most of the elements, can be grouped into 3 main sections and like Cl, there is a large 
increase in Ti counts in the last 10 m. Within the (a) and (b) sections Ti data do not tend to show 
cycles but rather a steady background with regular troughs. It is likely the unusually high values in 
section (c) have masked the finer detail within the rest of the data set. 
Ca data appear out of phase with Ti, displaying a steady weak background with peaks coinciding with 
Ti troughs. The 3 main sections seen in the other elements are less obvious in the Ca data. There are 
3 clearly defined cycles in the first half of section (a) however the second half of section (a) has no 
peaks. This is followed by semi-regular cycling throughout section (b) and lastly only one clear cycle 
in section (c). The strength of individual peaks is also variable with the highest peak (543200 counts) 
and lowest peak (124000 counts). Out of all the XRF data, Ca provides the clearest cyclicity with 21 
easily discernible peaks, the thickest of which is 1.73 m at 79.5 m and the thinnest peak just 2 cm at 
116.8 m. This thin peak is not a typical carbonate interval (Figure 5-6) as identified by the core 
observations and will be discounted in further discussions. 
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Mn has a similar large peak nature as Ca but there is also a lower amplitude cyclic background. The 
largest peaks appear to correspond with the deepest Ti troughs. Most of the Mn peaks occur at the 
same depth as Ca peaks, however not all Ca peaks have a corresponding Mn peak and not all Mn 
peaks have a corresponding Ca peak. The Mn peaks tend to be tightly constrained occurring in 
relatively narrow depths when compared with Ca. The thickest Mn peak is 0.53 m long at 80.25 m 
depth, and the smallest is just 2 cm at 116.8 m, the same place as the Ca shortest peak which is 
discounted. 
 
Figure 5-6. 178-1101A-14H-2A showing elevated Ca and Mn which is not typical of cyclic carbonate events and as such is 
not considered in the discussion. 
S counts are very low throughout the core with only a few weak and sporadic data points 
throughout the core until section (c) where S counts increase notably. There is no cyclicity 




Table 2 shows the basic statistics for all the XRF elements. 
Table 2. Minima, maxima and median for XRF elements from ODP Site 1101. 
 
Si Al K Fe Mg Cr Cl 
Min 69559 5724 24798 106562 112 389 3342 
Max 200204 20850 75508 352446 781 2171 38613 
Median 142001 13353 50910 242949 328 1132 18357 
 
Ti Ca Mn P S 
Min 12383 43240 1690 254 -982 
Max 69387 543262 27908 5765 62295 
Median 26394 88087 5137 906 365 
 
5.2.2 Correlation Plots 
To understand better the relationship between different elements it is helpful to show data using a 
correlation plot, (Figure 5-7). If the correlation coefficient is > 0 the correlation is said to be a 
positive correlation. If the correlation coefficient is < 0 there is a negative correlation. The further 
the number is from 0 the more closely positively or negatively correlated the elements are. 
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Si, Al, K and Fe all have very strong positive correlations. Ti and Mg have strong positive correlations 
with Si, Al and Fe. Ar is the only element to display a strong negative correlation with other 
elements. There is a moderately negative correlation between Ca and Fe, Ti, K, MG, Al and Si. All the 
terrestrial elements slightly increase with depth while Ar and Cl slightly decrease. Table 3 details the 
exact correlation coefficient values. 
  
Figure 5-7. Correlation plot for XRF elements from ODP Site 1101, 48 – 133 mbsf. 
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Table 3. Correlation Coefficient values for XRF elemental ratios from ODP Site 1101, 48 – 133 mbsf. 
Blue represents positive correlations, red negative correlations. Rounded to 2 d.p. 
Variable 1 Variable 2 Correlation Coefficient (r) Interpretation 
Al Si 0.96 
Very Strong 
Al K 0.87 
K Fe 0.87 
Si K 0.84 
Al Fe 0.80 
Strong 
Si Fe 0.79 
Mg Si 0.73 
Ti Fe 0.70 
Mg Al 0.69 
Al Ti 0.69 
Si Ti 0.63 
Mg Fe 0.62 
K Ti 0.61 
Mg K 0.57 
Moderate 
P K 0.54 
Ca Mn 0.53 
Al P 0.53 
Si P 0.53 
Mg Rh 0.53 
P Fe 0.53 
Si Rh 0.52 
Ca Fe -0.55 Moderate 
 
5.3 Paleomagnetism 
The PCA results from Site 1101, 48 – 133 mbsf are presented in the magnetostratigraphy (Figure 
5-10) where normal and reversed polarity intervals are easily recognisable.  
During the processing of this data I have used the Zijderveld plots and intensity decay vectors to 
individually select points to perform PCA on for each sample. Points were only selected if they are 
trending towards the origin and there are no major deflections from this trend. These were then 
plotted in the polarity plot, Figure 5-10, along with the MAD3 results. 
Figure 5-8 is an example of a reliable sample for determining polarity whereas Figure 5-9 is an 
example of a sample that has been rejected. 
When reviewing a Zijderveld plot, the trajectory of vector end points should trend toward the origin 
of the vector component diagram for a good quality measurement. This indicates that a single vector 
with constant direction is being removed (Butler, 1992). On Figure 5-8 (c), there is a clear linear 
trend to the origin and a high-stability primary component (ChRM) has been successfully isolated by 
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PCA. In Figure 5-9 (c) end points do not terminate at the origin and the data are very noisy as 
indicated by the high MAD values which suggests there is more than one component or that the 
magnetisation is unstable. In some cases, this can persist to higher alternating fields than the original 
component. 
In Figure 5-8 (b), the sharp drop in the intensity decay curve during the first few AF steps from 5 to 
20 mT indicates the removal of a viscous remanent magnetisation (VRM). This secondary 
magnetisation could have been attained from the drill pipe or from storage. The higher coercivity 
component (above 20 mT) is the primary magnetisation, which is interpreted as the detrital 
remanent magnetisation (DRM). It is this component that has been selected to perform PCA on to 
determine the polarity and hence reconstruct the ancient magnetic field. 
 
Figure 5-8. Demagnetisation data of a representative reversed polarity, low MAD 3, sample from Unit II at Site 1101. a) 
shows the principal component analysis (PCA) calculation and median angular deviation (MAD), and also tabulates the 
inclination, declination and intensity during the different demagnetisation steps. b) intensity decay curve shows the NRM 
intensity versus demagnetization level c) vector component diagram (Zijderveld plot), showing the projection of the two 




Figure 5-9. Example of a high MAD3 normal polarity sample. a) shows the principal component analysis (PCA) calculation 
and median angular deviation (MAD), and also tabulates the inclination, declination and intensity during the different 
demagnetisation steps. b) intensity decay curve shows the NRM intensity versus demagnetization level c) vector component 
diagram (Zijderveld plot), showing the projection of the two components of the NRM vector onto the horizontal plane. d) An 
equal area projection plot of the direction of NRM. 
The equal area projection plots (d) in Figure 5-8 and Figure 5-9 show the direction of the NRM 
vector. In Figure 5-8 (d) the projection is steep whereas in Figure 5-9 (d) the direction is poorly 
defined (high MAD) and shallow. 
The PCA inclination for all samples of this section is plotted in Figure 5-10. Low MAD values, less than 
15°, indicate high quality of the demagnetisation data (Ohneiser et al., 2013). High MAD values, 
greater than 15°, can occur at geomagnetic reversals or in thin intervals with poor demagnetisation 
behaviour (Ohneiser et al., 2013).  
The geocentric axial dipole (GAD) which is the expected time averaged inclination of the 
geomagnetic fields at a particular latitude was calculated to be -76.4° for normal polarity and 76.4° 
for reversed polarity at ODP Site 1101 (see Figure 5-10). The following equation was used to 
calculate GAD where I is the inclination and λ is the latitude (64.2S°). 
    tan I = 2 tanλ 
There are clear changes in the polarity down core (Figure 5-10), the depths of which are noted in 
Table 4, which are correlated with the GPTS according to the original biostratigraphically constrained 
correlation of Acton et al (2002). The discrete sample data presented here is a more accurate 
representative and enables more precise stratigraphic locations of reversals which can then be more 
accurately correlated with the GPTS (Ogg, 2012). 
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Table 4. Polarity reversal depths from ODP Site 1101 as determined from discrete sample demagnetisation. 
Depth (m) Reversals 
55.05 Normal to reversed 
71.265 Reversed to normal 
76.465 Normal to reversed 
121.28 Reversed to normal 
 
 
Figure 5-10 PCA calculated inclination (°) and MAD3 vs depth. White intervals are reversed polarity, black intervals are 
normal. MAD3 values below 15 are considered high quality demagnitisation samples. Correlation with the GPTS is the same 
as that published by Acton et al (2002). MS is from Acton et al (2002). 
In total 429 samples were measured of which 22 samples were rejected during processing of data in 
PuffinPlot. Only 2 of the samples used for paleomagnetic analyses had high MAD values over 15 at 
~82 m. The NRM shows good stability of the magnetisation with the exception of a few outliers at 




5.4 Rock Magnetic Analyses 
The coercivity of remanence of all samples is below 35 mT with an average coercivity of 31 mT which 
indicates that magnetite is most likely to be the dominant magnetic mineral (Figure 5-11).  
 
Figure 5-11. Coercivity of remanence vs saturation remanence for a selection of samples from ODP Site 1101. Dominant 
magnetic mineral is likely magnetite. 
To determine the magnetic grain size a Day plot can be utilised (Dunlop, 2002; Day et al., 1977). The 
Day plot uses the coercivity of remanence (Hcr) and saturation of remanent magnetisation (Mrs) 
determined from IRM analysis, and the coercivity (Hc) and saturation magnetisation (Ms) from 
hysteresis analysis, to determine whether magnetic grains are in the single domain (SD), pseudo 
single domain (PSD) or multi domain state (MD). The plot can also be used to identify if multiple 
populations of grains are present in sediment. The Day plot of ODP Site 1101 (Figure 5-12) sediments 
shows that all but 6 samples cluster tightly in the PSD grain size field. The outliers likely result from 




Figure 5-12. Day plot of a selection of samples from ODP Site 1101. Most samples are tightly clustered in the PSD grainsize 
field. 
5.5 Anisotropy of Magnetic Susceptibility 
5.5.1 AMS Results 
All of the AMS measurements used in this study are presented here, Figure 5-13. 
Lineation values vary between 1.02 (with the exception of one data point) and 1.0. Foliation values 
vary between values of 1.0 and 1.2 with distinct groups of peaks and troughs. P and P’ appear to be 
very similar to F and have the same peak and trough pattern. Foliation peaks have values between 
1.1 and 1.2 with troughs between 1 and 1.03. P peaks have values between 1.12 and 1.22 with 
troughs between 1 and 1.03. P’ peaks occur between 1.14 and 1.25 with troughs between 1 and 
1.04. 
The peak to trough pattern for F, P and P’ tend to show a relatively steep linear decline however the 
trough to peak pattern is more jagged and gradual. The biggest troughs tend to follow small peaks 
and small troughs follow big peaks. There is also a pattern of troughs getting increasingly higher and 
less frequent down core. From 53 m to 73 m, all the foliation troughs fall to at least 1.006 (illustrated 
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by the dashed line in Figure 5-13). From 73 m onwards, this only happens every 2 or 3 cycles. 
Similarly, lineation highs are stronger between 53 m and 80 m after which they reduce significantly. 
K3 data points have a mostly random distribution with a slightly larger density of points between 80° 







Figure 5-13. Shows the results of magnetic fabric analysis of 339 samples which had K3 inclinations greater than 70°. 
Samples with K3 inclination of less than 70° are removed because their magnetic fabrics may result from soft sediment 
deformation during coring (see discussion). Grey dashed line illustrates the change of trough depths downcore. 
Table 5 shows the values for minima, maxima and median for the selected AMS measurements. This 
illustrates just how close P and P’ are, hence only one of these data sets is needed to represent the 
magnetic fabric. I have chosen to use P’ in my discussion. 
Table 5. Basic statistics for AMS measurements from ODP Site 1101. 
 
L (%) F (%) P (%) P' T K3° 
Min 1.00 1.00 1.006 1.006 -0.79 70.06 
Max 1.035 1.20 1.218 1.245 1.00 89.42 
Median 1.006 1.04 1.052 1.055 0.77 81.10 
 
5.6 Spectral Analysis 
All XRF elements were analysed however, only a selection of EHA and mtmPL results that are most 
relevant to this study are presented. Ti represents the terrestrial sedimentary component, Ca 
represents the biological carbonate component, P’ the bottom water current strength and MS 




Figure 5-14. Spectral analysis of Ti and Ca. Line graphs are mtmPL power spectral estimate plots. Peaks identified meet both 
the harmonic F-test >90% confidence estimate as well as the 1/f confidence level estimate. Lower dotted red line is 95% 1/f 
confidence level, upper dotted red line is 99% 1/f confidence level. Coloured plots are from EPSA and are normalised power 
plots. 
In the Ti plot, Figure 5-14, mtmPL method identified statistically significant cycles (above 90% 
confidence limit) of 0.23, 0.36 and ~0.59 cycles per meter corresponding to ~4.34 m, 2.78 m, and 
1.69 m wavelengths respectively. EHA results indicate that the 2.78 m cycle is strongest between 85 
m and 120 m. At ~85 m the 2.78 m cycle fades and is replaced by a lower frequency 4.34 m cycle and 
a higher frequency, 1.69 m cycle. From 60 – 70 m a frequency the 2.78 m cycle reappears. 
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In the Ca plot, Figure 5-14, mtmPL method identified statistically significant cycles (above 90% 
confidence limit) of 0.43, 0.49, 0.59, 0.64 and 0.7 cycles per meter corresponding to ~2.33 m, 2.04 
m, 1.69 m, 1.56 m and 1.43 m wavelengths respectively. EHA results indicate that all of these 
frequencies are following a similar pattern and it is difficult to resolve the individual frequencies 
within the plot. They are all strong between 105 m and 125 m. At 105 m the power is less but still 
strong before coming back to very strong between 60 m and 70 m. 
 
Figure 5-15. Spectral analysis of MS and P’. Line graphs are mtmPL power spectral estimate plots. Peaks identified meet 
both the harmonic F-test >90% confidence estimate as well as the 1/f confidence level estimate. Lower dotted red line is 
95% 1/f confidence level, upper dotted red line is 99% 1/f confidence level. Coloured plots are from EPSA and are normalised 
power plots. 
In the MS plot, Figure 5-15, mtmPL method identified statistically significant cycles (above 90% 
confidence limit) of 0.59 and 0.67 cycles per meter corresponding to ~1.69 m and 1.49 m 
wavelengths respectively.  
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In the P’ plot, Figure 5-15, mtmPL method identified statistically significant cycles (above 90% 
confidence limit) of 0.23, 0.35, 0.51 and 0.7 cycles per meter corresponding to ~4.34 m, 2.85 m, 1.96 
m and 1.43 m wavelengths respectively. EHA results indicate that the 2.85 m cycle is strongest 
between 95 m and 115 m. At ~90 m the 2.85 m cycle changes to a 4.34 m cycle which is strong from  
90 m to 65 m. The 1.96 m cycle is weak from ~90 m and gets stronger at ~70 m. The 1.43 m cycle is 




6 Discussion and Conclusions 
This chapter first discusses individually each physical and geochemical proxy measured with respect 
to the primary objectives. Following this the main objectives will be explored in depth and 
interpretations will be presented. 
The first objective of this project was to build high resolution records of both paleocurrent strength 
and Antarctic ice volume variations from ODP Site 1101 to determine the relationship between 
bottom water export and ice sheet size. The second objective is to compare the timing of the glacial-
interglacial events at the Antarctic Peninsula with the LR04 δ18O benthic stack to test whether the 
stack provides an accurate record of Antarctic ice volume changes. 
6.1 Core Log and Lithology 
The interval between 48 and 133 mbsf (Unit II) described here is a record of supply, transport and 
deposition of both glacially derived lithogenic detritus as well as biogenic components (Hillenbrand 
and Ehrmann, 2005). Three main lithological units which alternate throughout the core were 
described; massive facies (Mf), laminated facies (Lf) and massive foraminifera-bearing facies (MFf). 
6.1.1 Laminated Facies (Lf) 
The depositional setting of Lf is of a largely different setting compared to Mf and MFf. The fine scale 
laminations have been interpreted as being deposited during glacial periods when weak bottom 
water contour currents controlled the deposition of suspended sediments from the nepheloid layer 
which was generously supplied by episodic events of IRD, distal meltwater plumes and turbidity 
flows (Lucchi and Rebesco, 2007).  As laminations are easily destroyed by bioturbation (Kemp, 1996), 
the presence of these laminations could indicate either; 1) higher sedimentation rates as the 
bottom-dwelling infauna have less time to bioturbate the seafloor sediments completely or; 2) an 
anoxic environment where the infauna are non-existent or; 3) a high energy environment. Barker, 
Camerlenghi, et al. (1999) believed this was due to a high sedimentation rate, however Lucchi and 
Rebesco (2007) attribute it to reduced nutrient supply throughout the water column. 
The silt layers have previously been interpreted as distal turbidity flows that supplied sediment to 
the nepheloid layer which was then entrained in the bottom currents (Camerlenghi et al., 1997; 
Barker, Camerlenghi, et al., 1999). 
6.1.2 Massive Facies (Mf) 
The Mf is representative of a glacial termination and is dominated by the hemipelagic settling of 
mostly terrestrial silts and muds (Barker, Camerlenghi, et al., 1999). The terrigenous component is 
inferred to originate mostly from IRD and meltwater plumes due to the increased exposure of 
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continental shelves and intensive erosion (Barker, Camerlenghi, et al., 1999). The rarity of silt 
laminae throughout this facies implies little debris export to the shelf slope break possibly due to the 
grounded ice sheet slowly lifting and retreating (Hepp et al., 2006). 
6.1.3 Massive Foraminifera Facies (MFf) 
The MFf represents periods of a relatively warm, open ocean setting with a more pelagic settling of 
sediment originating at the sea surface resulting in the deposition of carbonate-rich muds (Barker, 
Camerlenghi, et al., 1999). This MFf facies is interpreted as an interglacial period. Unsorted IRD and 
fine sediment suspended in meltwater plumes are inferred as the main mechanisms of sediment flux 
to the along-slope currents flowing over Site 1101 (Barker, Camerlenghi, et al., 1999). The moderate 
bioturbation present within the MFf section possibly indicates a lower sedimentation rate and/or an 
increase in bottom-dwelling infauna during these warmer episodes. 
The presence of calcareous nannofossils identified in these intervals also indicates interglacial 
settings (Honjo, 1990). 
6.2 Age Model and Sedimentation Rates 
A simple age model is presented below using the reversals from ODP Site 1101 and correlated with 
the GPTS. This age model is used for all subsequent discussions and for correlating the glacial-




Figure 6-1. Magnetostratigraphy for ODP Site 1101. Open circles are discrete measurements from this project, coloured 
circles are from (Acton et al., 2002). 
Sedimentation rates are calculated from the reversals in Table 4. Overall, the sedimentation rate at 
Site 1101 is fairly constant except for the short duration C2An.1n (maximum sedimentation rate) and 
C2n (minimum sedimentation rate) subchrons. This could potentially be due to changes in 
sedimentation rates between glacial and interglacial cycles however the temporal resolution of this 
dataset does not allow the characterisation of this variability (Cowan et al., 2008). 
Rock magnetic analyses confirm the dominant magnetic mineral is magnetite and there are no 




Table 6. Summary of sedimentation rates for ODP Site 1101 from unambiguous reversals. Magnetozones, depth ranges and 
linear sedimentation rates. 
Chrons Subchrons Depth (mbsf) 
Sedimentation 
Rate (cm/kyr) 
Bruhnes C1n 0 - 55.05 7.05 
Matayuama 
C1r.1r 55.05 - 71.265 7.83 
C1r.1n 71.265 - 76.465 6.19 
C1r.2r 76.465 - 121.28 6.35 
C2n 121.28 - 126.96 3.40 
C2r.2r 126.96 - 165.98 6.14 
Gauss C2An.1n 165.98 - 209.38 9.62 
 
Using the linear sedimentation rates and depths provided in  
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Table 6, an average sedimentation rate of 7.2 cm/kyr has been computed. 
6.3 AMS 
6.3.1 Data Cleaning 
Data cleaning was carried out on my AMS results by using the Kmin inclination as an indication of the 
sample collection orientation and potential soft sediment deformation during coring. We know the 
sediments were deposited horizontally so we would expect the intermediate and long axes, Kint and 
Kmax, to be in the horizontal plane, with Kmin vertical, (Figure 6-2A). If Kmin deviates from this vertical 
position it could indicate disturbed sediments were sampled or a sample collection error where the 
cube was inserted at an angle, (Figure 6-2B) below.  
 
Figure 6-2. Schematic showing how orientation of grains can be used to determine between good and bad samples. 
Samples are expected to have been deposited flat with Kint  and Kmax  in the horizontal plane while Kmin  should be vertical as 
in (a) An allowance of 20° has been made therefore any samples with Kmin between 70-90° are deemed acceptable. Any 
deviation of Kmin more than 20° from the vertical, as in (b), is considered a bad sample and removed from the data set. 
A bad sample would be anything where the original orientation of the sediment has been disturbed. 
Examples are drilling disturbance, bioturbation and sampling errors. A sample collection error can 
occur where the cube was not pushed into the core at a right angle. By plotting the data and viewing 
different cut-off values for Kmin, Figure 6-3, a cut-off value of Kmin = 70° was implemented. This 20° 
tolerance from the vertical allows for slight deviations as the cube was pushed into the sediment but 




Figure 6-3. Scatter plot showing Kmin for all AMS samples measured. Only the green samples (>70°) were used for further 
analyses. 
Viewing these cut-off values on P’ and lineation vs depth plots (Figure 6-4) shows some insight into 
where these values lie and how they would affect the data if they were not removed. A majority of 
the excluded samples (Kmin < 70°, identified by red dots on Figure 6-3), tend to lie within the very 
weak current strength range of the magnetic fabric graph (Figure 6-4). Including these data points 
could have had significant implications on any interpretations. When viewed on a lineation plot 
(Figure 6-4), the excluded samples explain most of the outliers in this data set. Aside from the 
outliers, the rest of the excluded samples in the lineation plot tend to be constrained within narrow 
time windows which cover a range of lineation values. This could indicate either a real phenomenon 





Figure 6-4. Cut-off data points as they appear on Pj and lineation vs depth plots. Good samples represent data points where 
K3 > 70°, bad samples < 70° and are excluded from further interpretations.  
Identifying these bad samples and reviewing the core images revealed a couple of areas where there 
was evidence of both deformation (Figure 6-5 a) of the core from the drilling process as well as the 
presence of bioturbation and IRD (Figure 6-5 b). As a significant number of samples also have a weak 
lineation, this could also indicate machine noise is higher and therefore the directional estimate is 




Figure 6-5. Images of core sections illustrating areas where “bad” AMS samples were identified. a) a silt layer illustrates the 
significant drag throughout core 178 1101A-8H-06 and b) showing some bioturbation and also IRD present. 
 
6.3.2 Contour Currents vs Turbidites 
To test whether magnetic fabric strength is representative of ocean currents where sediments are 
deposited by contourites, or turbidity flows (slope failure), the ODP Site 1101 AMS data set is 
compared with the classification scheme from Joseph et al (1998) with the points coloured by 
lithology (Figure 6-6). The horizontal, mm scale, silt layers throughout the core have been 
interpreted as distal turbidites (Cowan et al., 2008) therefore plotting these silt layers show where 
they sit within the “turbidite” position on the T vs P’ plot. 
Most of the silt layers fit within the high current strength “turbidite” field, as identified by Joseph et 




Figure 6-6. Ellipsoid shape (T) vs magnetic fabric (P’) illustrating how the drift deposits at ODP Site 1101 compare with the 
classification scheme of Joseph et al (1998). 
Due to the silt samples being mostly located within the laminated facies and the sample being 2 cm3 
with likely only one silt layer running through it of <2 mm, the influence of these silt layers is likely 
minimal, hence there being no clear distinction between these and the laminated facies. Joseph et al 
(1998) found that drift deposits from a Bermuda Rise sediment core indicated a high energy current 
therefore it is acceptable to view the laminated facies as being deposited by a high energy contour 
current. To definitively rule out turbidity currents as the cause of strong magnetic fabrics in these 
data a further analysis of grain size distribution of samples would be necessary. 
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6.3.3 AMS Lithological Units 
The T vs P’ plot allows different suites of data to be identified and easily viewed. In Figure 6-6, the 3 
main lithological units identified in the core log fit within 3 distinct areas on the T vs P’ plot. Most 
sediments are oblate (0 < T < 1) with a few outliers that are prolate (-1 ≤  T < 0). It is interpreted that 
faster currents align the sediment grains more effectively and therefore impart a more pronounced 
magnetic fabric (Joseph et al., 1998). 
The carbonates mostly fall within the oblate, weak to moderate current strength, representative of a 
sediment drift depositional setting where grains have been suspended and transported by a contour 
current (Joseph et al., 1998). The massive facies are also representative of a contour current 
however they have a larger range of current strength, going from weak to moderate current 
velocities. The laminated facies are mostly high-moderate to strong currents with a few outliers 
seemingly related to ellipsoid shape. Going by just P’ values these could be viewed as turbidites 
however there is no indication when visualising the core to indicate these as being turbidites hence 
they are assumed to be high energy contour currents. 
6.4 XRF 
A wealth of interpretations can be made from XRF elemental data. In this work I focus on elements 
which have a clear correlation and have been used to infer environmental processes or change in the 
Southern Ocean. Principally I will focus on elements which have been previously associated with cool 
periods and the increased delivery of terrigenous material and elements which can be used to 
identify warm periods.  
Titanium has been widely used as an indicator for variations in the coarse grained terrigenous 
content (Rothwell and Croudace, 2015). It often covaries with Fe which is also an element abundant 
in terrigenous sediment but is redox sensitive. Al has also been linked with changes in terrigenous 
content in sediment. 
Al/Ti can be an indicator of provenance as both elements are relatively stable during weathering but 
the ratio of these elements in source rocks is strongly varied (Krissek and Kyle, 2001). Al/Ti can also 
vary with grainsize (Rothwell and Croudace, 2015) so a multiproxy approach is necessary to draw 
conclusions. 
Redox elements such as Mn can be used to identify changes in the oxygenation of bottom waters 
(Chandana et al., 2017; Melles et al., 2012; Van Hulten et al., 2017). Mn undergoes reduction under 
anoxic bottom water conditions which fluxes Mn out of the sediment (Van Hulten et al., 2017) 
therefore the presence of Mn in sediment indicates oxygenated bottom waters. 
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Ca and Si can be used as paleoproductivity proxies as they are associated with biogenic input and 
can be precipitated from the water column by organisms. Ca content in sediments has been linked 
with changes in the abundance of foraminifera or coccolithophores (Hanslik et al., 2013) and Si is 
typically associated with increased abundance in diatoms in Southern Ocean sediments (Sprenk et 
al., 2013; Ingall et al., 2013), however it can also be sourced from siliceous rocks. To determine the 
biogenic input of these elements they are often normalised by a terrestrial element such as Ti, Al or 
Fe.  
Phosphorus and barium can also be used as a paleoproductivity proxy where higher values signal 
higher productivity (Calvert and Pedersen, 2007). Phosphorus is also a limiting macro nutrient 
(Calvert and Pedersen, 2007). P/Ti ratios were linked to export production in the Southern Ocean 
where an increase in this ratio signalled an increase in export production (Latimer and Filippelli, 
2001). 
6.4.1 Warm Events 
6.4.1.1 Carbonates 
Ca/Ti is a ratio of carbonate to terrigenous input due to biogenic carbonate precipitation in the 
water column (either calcareous foraminifera or nannofossils). 20 of the 22 carbonate events 
identified in the core log are clearly visible in the Ca/Ti downcore plot, Figure 6-7. The 2 carbonate 
events at 60 m and 62 m are visible by eye as scattered foraminifera, however the sample spacing of 
the XRF scanner missed these carbonate rich-intervals. It is possible that these warming events were 
either not warm enough or not long enough in duration for significant carbonate production at Site 
1101. 
 
Figure 6-7. Ca/Ti, grey shading indicates warm intervals as identified by XRF data and core logging. 
6.4.1.2 Biogenic Silica 
The biogenic portion of Si in deep sea sediments can be identified by the ratio of Si/Ti but a 
multiproxy approach must be used to ensure the detrital source remains unchanged. There are 3 
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locations indicated by grey shading on Figure 6-8 where Si is relatively higher than Ti. As biogenic 
silica is typically controlled by the abundance of diatoms in sediments, biogenic Si rich intervals may 
also indicate periods of ocean warming and enhanced productivity. The diatom abundance at these 
3 locations as measured by the shipboard data indicate barren or rare diatoms (Winter and Iwai, 
2002) therefore there it is unlikely these Si/Ti peaks relate to biogenic silica. 
 
Figure 6-8. Si/Ti, grey shading indicates an increase of Si relative to Ti. The origin of these peaks is not biogenic silica. 
 
6.4.2 Cool Events 
Glacial intervals are noted by an absence of carbonate as well as an increase in terrigenous 
sediments (Cowan et al., 2008) as identified from increasing Ti counts. Higher magnetic susceptibility 
is also associated with increased terrigenous content in sediments. See Figure 6-9. 
 
Figure 6-9. Magnetic susceptibility and Ti are considered a proxy for cooling events when elevated. 
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6.4.3 Oxygenation of Bottom Waters 
Redox elements such as Mn and Cr can reflect changes in the oxygenation of bottom waters 
(Chandana et al., 2017; Melles et al., 2012; Van Hulten et al., 2017). Dust is the largest contributor of 
Mn to the world’s oceans (Van Hulten et al., 2017), however modern day flux of Mn to the Weddell 
Sea is 2.2 times greater from continental run off or melting continental ice (Middag et al., 2013). If 
bottom waters are anoxic, Mn in the sediment will undergo reduction (Van Hulten et al., 2017).  
Data from ODP Site 1101, Figure 6-10, show that Mn increases dramatically during some warm 
periods and maintains a rather constant low background at all other times. The more significant 
peaks are highlighted.  
These intervals of elevated Mn indicate that either 1) waters are more oxygenated during some 
interglacials allowing better preservation of Mn or 2) a change in sediment source or 3) a mixture of 




Figure 6-10. Locations from Site 1101 of significant elevated Mn. P’ represents bottom water current strength, Ti is 
considered a proxy for IRD, Ca a proxy for biological and Mn a combination of sediment source and oxygenation of bottom 
waters. 
Mn peaks in the Southern Ocean have been attributed to higher oxygenation during deglacial events 
before (Jaccard et al., 2016). Jaccard et al. (2016) analysed sediments from the Atlantic sector of the 
Southern Ocean, south of the present-day Antarctic Polar Front and attributed these peaks to an 
increase in the well oxygenated AABW. Conversely, reduced oxygenated Antarctic bottom waters 
during glacials has also been suggested. Lucchi and Resbesco, (2007) attribute the lack of 
bioturbation during glacials at multiple sites around the Antarctic margin to a decreased nutrient 
supply in the water column due to sea-ice and a reduction in oxygenation of the bottom currents. 
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These periods of elevated Mn coincide with the biggest Ti troughs in the data. Ti concentration in 
sediment is controlled mostly by the terrigenous sediment which is assumed to be delivered by 
icebergs, so we can consider these elevated Mn events as times when there were significantly less 
icebergs. The elevated Ca indicates high productivity in the water column. These peaks also coincide 
with periods of low bottom water current strength as seen by P’ (see discussion on AMS and current 
strength). Another significant observation is the timing of these events. They all fall within the range 
that Cowan et al. (2008) identified as a period when glaciations were smaller, except the peak at ~80 
m. 
I suggest a combination of events has contributed to these high Mn intervals. The smaller glaciations 
as found by Cowan et al. (2008) indicate smaller ice shelves and fewer glaciers terminating at the 
shelf edge with a concomitant increase in continental runoff to the ocean. The increased Mn to the 
ocean surface was then taken up by the increased biological organisms in the water column during 
these warm intervals. 
6.5 LR04 Comparison 
As discussed earlier, the LR04 δ18O benthic stack is a global record of ice volume changes and 
therefore using this record to infer unambiguously the glacial-interglacial variations for either of the 
poles can be problematic. The high sedimentation rates, > 99% core recovery and high latitude make 
ODP Site 1101 an excellent site with which to test whether the LR04 stack has faithfully recorded the 
Antarctic glacial cycles. 
XRF and sedimentological data from Site 1101 may allow for a correlation with the LR04 benthic 18O 
record because glacial interglacial cycles are easily identified in the succession. However, during core 
logging and XRF analysis it became clear that not all warm intervals in the LR04 are represented at 
ODP Site 1101 and that the warming events that are present are highly variable in their inferred 
severity. An attempt has been made to match the glacial - interglacial patterns from the LR04 stack 
with Site 1101. Chronostratigraphic constraints used for this correlation from the well resolved 
geomagnetic reversals, C1n, C1r.1r, C1r.1n, C1r.2r, C2n, allow an unambiguous correlation with the 




Figure 6-11. Correlation between ODP Site 1101 carbonate intervals and LR04 global benthic stack (18O). 18O is from 
Lisiecki and Raymo (2005). Blue shaded bars indicate carbonate intervals with matching LR04 interglacial, red shaded bars 
are missing carbonate intervals with respect to LR04. Marine isotope stages labelled on obliquity and 18O. Time constraints 
are provided by geomagnetic polarity chronostratigraphy which are shaded grey, labelled on right. Cobb Mountain is 
inferred from (Acton et al., 2002). Eccentricity, insolation, 18O and obliquity are all displayed in time, core log and Ca are in 
depth. Insolation is at ODP Site 1101. Solid lines between core log and insolation as well as Ca and 18O are known 
correlations, dotted lines are inferred. Red line on Ca graph has no corresponding MIS. 
In the first time constrained interval, between the Bruhnes and Jaramillo chrons, (0.78 – 0.99 Ma) 
there are 5 interglacials (MIS 19, MIS 21, MIS 23, MIS 25 and MIS 27) in the LR04 stack and 6 
carbonate intervals identified at Site 1101, of which only 4 are evident in the Ca XRF dataset. If the 
warming intervals at Site 1101 represent the marine isotope stages, it becomes immediately clear 
that the warming events in LR04 are not directly comparable with Site 1101. For example, MIS 35 
appears as a low amplitude δ18O (peak values are not high when compared with other, warmer 
interglacials), suggesting global ice volume was not reduced substantially as is expected from other 
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interglacials such as MIS-31, MIS-25 or MIS-27. However, at Site 1101 the corresponding Ca record 
was the third strongest carbonate event. 
During the Jaramillo chron (0.99 – 1.07 Ma) there is one interglacial (MIS 29) and one corresponding 
carbonate event. 
Between the Jaramillo and Olduvai chrons, (1.07 – 1.78 Ma) there are 16 warm events as identified 
from the LR04 stack, (MIS’s 33 – 63), however only 12 events are identified from Ca data from ODP 
Site 1101. This suggests that not all LR04 warm events are represented by warming events at the 
Antarctic Peninsula. 
During the Olduvai chron (1.78 – 1.9 Ma) there are 5 LR04 warming events however there is only 1 
carbonate event identified at Site 1101. 
Three weak carbonate intervals which were discovered from core logging foraminifera were too 
sparse and disseminated throughout the sediment to be recognised in XRF data at ~59 m, 60 m and 
102 m (0.89, 0.9 and 1.57 Ma) all occur during periods of high sedimentation. They are thin layers, 
16 cm, 15 cm and 40 cm respectively however the carbonate event at 102 m is highly bioturbated 
and consequently hard to constrain. 
During the first interval discussed, between the Bruhnes and Jaramillo chrons, the two weak 
interglacials (one of which appears to be an extra) roughly coincide with the timing of IRD maxima 
from (Cowan et al., 2008) at ~0.88 Ma as well as a deep ocean circulation reorganisation and salinity 
changes in the North Pacific Ocean (Ford and Raymo, 2020). They proposed there was a significant 
ice sheet collapse at this time and could be related to the mid-Pleistocene transition. 
MIS 59 may coincide with a core break and it is possible (but less likely) that both MIS 39 and MIS 41 
also coincide with a core break. 
6.6 Paleocurrents and Glacial-Interglacial Cycles 
There is a clear downcore link between carbonate, massive and laminated facies and the magnetic 
fabric strength, Figure 6-12. In carbonate intervals P’ is at a minimum, the massive facies tends to 





Figure 6-12. Magnetic fabric strength vs depth. Interglacials identified by carbonate bearing sediments from the sediment 
log have been matched to the Marine Isotope Stages from LR04 (Lisiecki and Raymo, 2005). Solid black circles indicate 
current collapse without ensuing carbonate bearing interglacial, dotted circle indicates weak carbonate bearing interglacial. 
Dashed lines outline linear trends of current. Grey background line graph is Ca. Small letter p are prolate samples. 
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It has been interpreted from the core log that the carbonate events are representative of interglacial 
periods when oceanic conditions were favourable for the production of foraminifera, although the 
method of using Ca or Ca/Ti cannot be used exclusively to estimate productivity. Biogenic carbonate 
abundance detected by the XRF at Site 1101 will be related to multiple mechanisms that dictate the 
carbonate content on the sea floor including production in the water column, sediment influx, 
potential winnowing by bottom currents and preservation on the sea floor. It is therefore possible 
that biogenic carbonate production could have remained constant during glacials and interglacials 
with the variations observed in the sediment core only due to sediment influx and/or preservation. 
Biogenic flux needs to be calculated to better determine the cause of these production changes over 
time however, for the purpose of this study, it is being assumed that carbonate production in the 
water column is the main source of the changes to biogenic carbonate through time.   
The laminated facies are indicative of glacial periods and the massive facies is the transitional stage. 
There were 22 interglacial periods identified in the core log, 21 of these are labelled on Figure 6-12. 
The decreased P’ values indicate the contour current over ODP Site 1101 significantly weakens 
during interglacials and strengthens during glacials. This differs from previous studies which have 
shown the current stays unchanged during glacials and interglacials (Hassold et al., 2009b; Pudsey 
and Camerlenghi, 1998; Parés et al., 2007).  
When analysing glacial to interglacial transitions and assuming P’ is a proxy for current strength, it 
becomes clear from the most well sampled transitions that the current strength decreases rapidly as 
is shown by the black dashed lines at 61 m, 73 m, 87 m, 109 m, 117 m and 120 m on Figure 6-12. The 
opposite is true for the re-establishment of the current during interglacial to glacial transitions. Here 
P’ tends to increase more gradually and less smoothly, with the bottom current often starting to 
regain strength while carbonates are still being deposited during the transition to the massive facies. 
Counting backwards through time, from MIS 63 (121 m) to MIS 43 (91 m), when P’ plunges to low 
levels an interglacial follows with carbonates being deposited. Up core from this point it becomes 
less well constrained and more unpredictable. There are 2 locations, indicated by black circles 
labelled 1 and 2 on Figure 6-12, at 82.5 m and 88 m respectively, where the current significantly 
decreases however no carbonates were deposited. At 62.5 m, indicated by a dashed circle, current 
strength is also weak however, carbonate concentration is low with only a few scattered forams 
visible to the naked eye. 
Prolate samples in this dataset usually coincide with very low P’, carbonate intervals. They are 
indicated with a small p on Figure 6-12. Previous studies have found that samples towards the top or 
bottom of cores could be disturbed and therefore the data may be erroneous (Kent and Lowrie, 
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1975), however the samples in question here are all located mid core therefore it is unlikely that 
they were disturbed. Another possible explanation for the prolate fabrics is that bioturbation has 
created prolate AMS results due to the mixing of sediments in the upper few cm as they are 
deposited. This idea is more plausible because warmer interglacials may sustain more sea floor 
biota, which may impart a prolate fabric. 
6.7 Possible Controls on Bottom Water Flow at Site 1101 
The weaker current during interglacials could be due to reduced bottom water production at the 
continental margin at this time. The contourite current at Site 1101 is sourced from the Weddell Sea 
so changes in current speed may relate more directly to variations in the Weddell Sea than at the 
Antarctic Peninsula.  
During interglacials, freshening of the ocean water from increased melt reduces the salinity of the 
cold shelf water, making it less dense and hence less likely to sink and form the deep water mass in 
the Weddell Sea. AABW production has also been linked to sea-ice formation and polynya therefore 
reduced current speed at Site 1101 may indicate a decrease in Weddell Sea sea-ice or polynya. A lack 
of sea-ice may be linked with the presence or absence of the West Antarctic Ice Sheet since polynya 
are caused and maintained predominantly by the katabatic wind blowing off the ice cap (Bromwich 
and Kurtz, 1984). Therefore, it is possible that the current strength at Site 1101 may be controlled 
principally by the volume of the West Antarctic ice sheet.  
The high-resolution nature of the elemental and AMS record may also provide insight into the 
relationship between current strength and surface productivity. On close inspection, it is clear to see 
that in nearly all elevated Ca events, P’ begins to decrease between 0.5 m – 1 m before the Ca peak. 
This equates to ~ 7,100 – 14,300 years of declining current strength before ocean temperatures 
become warm enough to support foraminifera and carbonate deposition. This suggests that retreat 





Figure 6-13. Correlations between XRF data and AMS data. This is a shortened data set limited by which AMS samples had 
corresponding XRF samples. 
It is interesting to see that there is a moderate positive correlation between current strength (P’) 
and Al, Si, K and P, Figure 6-13. 
The positive correlation with Al, Si and K is likely due to the hemipelagic settling of terrigenous clays 
and silts during stronger currents (glacials), followed by more pelagic settling during weak currents 
(interglacials). 
6.8 Spectral Analysis 
As the sedimentation rate is fairly constant throughout the core from ODP Site 1101, an average 
sedimentation rate as calculated from the age model presented in this thesis is used to convert the 
spectral analysis from depth to time. Power spectra are only discussed if the they meet the F-test 






Figure 6-14. Power spectral estimate plots showing peaks converted to time (kyr). Only significant peaks are discussed in 
the text. Obliquity, precession and an anomaly have been outlined in black. 
By assuming an average sedimentation rate of between 6 cm/kyr and 7 cm /kyr, cycles identified are 
able to be converted to the time domain and correlated with known orbital frequencies. 
A strong obliquity signal at the 40 – 41 kyr frequency between ~85 – 125 m appears in the Ti and P’ 
spectral analysis. 
An anomalous spectral peak is noted at ~85 m where the obliquity signal appears to transition to a 
lower time frequency of 60 – 62 kyr. Although this 60 – 62 kyr cycle was identified as statistically 
significant by the MTM power spectral estimate, it would appear this cycle is possibly an artefact 
caused by the missing interglacials between ~57 m and 68 m (see LR04 Comparison discussion 
earlier). 
Precession is strong throughout the sampled interval in the Ca and MS datasets. They both show two 
precession cycles at ~20 – 21 and 24 kyr. Ti has a 24 kyr precession cycle appearing at about 72 m 
and P’ has a 20 kyr cycle at the same depth. 
6.9 The Missing and Weak Interglacials at Site 1101 
Stacked benthic δ18O records offer insights into global ice volume changes. However, they also 
smooth out regional variations and likely oversimplify the complexity of the global climate system. 
Patterson et al. (2014) for example found inconsistencies between the LR04 δ18O record with IRD 
from East Antarctica. They found after the Southern Ocean cooled between 3.5 Ma and 2.5 Ma the 
Antarctic Ice Sheet was no longer paced at the same frequency as the global δ18O stack. 
ODP Site 1101 is an excellent location to understand better the controls on Antarctic glacial – 
interglacial variability because 1) lithology where carbonate rich intervals represent warm intervals, 




Figure 6-15. The missing interglacials from correlation of ODP Site 1101 carbonate intervals and LR04 global benthic stack 
(18O). 18O is from Lisiecki and Raymo (2005). Blue shaded bars indicate carbonate intervals with matching LR04 
interglacial, red shaded bars are missing carbonate intervals with respect to LR04. Marine isotope stages labelled on 
obliquity and 18O. Time constraints are provided by geomagnetic polarity chronostratigraphy which are shaded grey, 
labelled on right. Cobb Mountain is inferred from (Acton et al., 2002). Eccentricity, insolation, 18O and obliquity are all 
displayed in time, core log and Ca are in depth. Insolation is at ODP Site 1101. Solid lines between core log and insolation as 
well as Ca and 18O are known correlations, dotted lines are inferred. Red line on Ca graph has no corresponding MIS. Green 
circles indicate missing or very weak interglacials at Site 1101. 
The low carbonate interglacials at Site 1101 are marked with circles on Figure 6-15.  All occur during 
periods of low eccentricity and low amplitude of insolation at Antarctica (63°S).  
The missing or weak interglacials from the Site 1101 record when compared with the LR04 δ18O stack 
coincide with nodes in eccentricity and low insolation. Due to there being only one core drilled at 
Site 1101, gaps between cores are missing which presents the possibility these interglacials were 
simply not retrieved. There is only one missing interglacial from Site 1101 that could potentially have 
been lost in the coring process, MIS 59. 
Huybers and Denton (2008) suggested that short winter and long summer (insolation peaks) will 
reduce sea-ice production and extent. Therefore, a low amplitude of insolation and successive long 
winter and average summer may enhance sea-ice production potentially leading to the appearance 
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of multi-year, fast ice. Massom et al (2018) suggested that sea-ice provides a protective buffer which 
can prevent ice shelf retreat. 
The glacial-interglacial record at Site 1101 adds weight to the argument that sea-ice concentration 
around the Antarctic may act as a critical buffer which protects large ice shelves. However, more 
work is needed at Site 1101 and from other contemporaneous records around the Antarctic margin 
to reconstruct sea-surface temperatures, sea-ice concentration and paleocurrent strength to 
determine whether Site 1101 is a unique record or whether this is representative of a regional, 




7 Conclusions and Future Work 
7.1 Conclusions 
This study built high resolution records of both paleocurrent strength of bottom waters and the 
distal signals of ice volume variations from ODP Site 1101 to determine the relationship between 
deep water export and ice sheet size. The main conclusions from this study are as follows: 
• Site 1101 contains a record of glacial-interglacial cyclicity and ocean productivity. 
Interglacials are recognised in the succession as periods of high carbonate productivity 
(elevated Ca), low terrigenous input because of less ice rafted debris (depressed Ti), and 
decreased bottom water current strength (low magnetic fabric (P’)). 
• Current strength varies depending on inferred ice volume with fast current during periods of 
high ice volume and weak current during low ice volume. This conclusion differs from 
previous studies which have suggested that the current strength does not vary with glacial-
interglacial cycles (Pudsey and Camerlenghi, 1998; Parés et al., 2007; Hassold et al., 2009b). 
It is likely that sample spacing of other studies was too wide to identify glacial-interglacial 
changes in current strength. 
• The LR04 δ18O stack is not likely representative of the magnitude of Antarctic ice volume 
variations because there is a disagreement with the interglacials identified at Site 1101. 
Interglacials which are either missing or very weak at Site 1101 (or perhaps all over 
Antarctica) are MIS 23, MIS 33, MIS 39, MIS 41, MIS 51 and MIS 59.  
• The missing or weak interglacials coincide with a node in eccentricity and minima in 
insolation. This orbital setting would have resulted in successive long winters and mild 
summers which in turn may have enhanced sea-ice production and survival and provided a 
protective buffer preventing ice shelf retreat. 
7.2 Future Work 
More work is needed on the Site 1101 succession and on other records around Antarctica: 
1. Site 1101 should be compared with other locations around the Antarctic continental margin 
to verify that paleocurrent strength varies synchronously. 
2. A high-resolution sea-ice reconstruction is needed to verify if the cause of the missing 
interglacials is indeed due to increased sea-ice production during low insolation. This would 




3. Sea surface temperature records are needed, preferably from multiple locations around the 
Antarctic margin, to determine if some interglacials are warmer than others as suggested by 
comparison of Site 1101 with the LR04 stack. 
4. The XRF data collected from ODP Site 1101 should be explored and studied further as a 
wealth of data has been collected however only three elements were used for this study. An 
example of further use of this data set would be determining provenance of the terrigenous 
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